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It has been well-established that there is large variability between individuals’ 
vulnerability to noise-induced hearing loss (NIHL), but recent work has galvanized the 
auditory research and clinical communities to re-evaluate the physiologic and 
perceptual consequences of subclinical noise-induced damage in individuals that would 
traditionally be considered “normal hearing.” The auditory efferent system is one 
potential source of variation between individuals, and research in animal models 
indicates that strength of the medial olivocochlear reflex (MOCR) is predictive of 
vulnerability to noise damage because it suppresses cochlear gain. Therefore, it has 
been proposed that MOCR strength may be useful as a clinical tool to identify 
individuals who could benefit from targeted hearing conservation efforts before 
clinically-significant NIHL is evident on the audiogram. However, limited research on the 
MOCR in humans has explored the reliability of this measure over time intervals greater 
than one week, and the few studies that have investigated how noise exposure itself 
may induce changes in MOCR strength yield mixed results. In order to address these 
gaps, contralateral suppression of otoacoustic emissions were measured as an index of 
MOCR strength in audiometrically normal hearing young adults with diverse noise 
exposure histories over 5 test sessions. Suppression was found reliable within the 
majority of participants and noise exposure the day before testing was not related to 







small changes in suppression between sessions. Noise exposure the week before 
testing was not directly related to MOCR strength, but may undermine an MOCR 
enhancement in musicians, motivating further investigation of mechanisms by which 
musical training and noise exposure induce plasticity of the MOCR. 
For a novel tool to successfully be translated from research to practice, 
perspectives from the potential clinical end-users is warranted. To evaluate audiologists’ 
receptiveness to MOCR and perception of need for a new tool to address subclinical 
hearing loss, a survey was distributed. Responses reveal valuable clinical perspectives 
for auditory researchers wishing to tailor their work for eventual clinical application. 
Integration of researchers’ and clinicians’ knowledge can direct work that ultimately 
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I. The Olivocochlear System’s Role in Protecting from Noise-Induced 
Damage. 
 
Animal research showing that noise levels previously considered safe can 
damage the auditory system in ways not detectable by standard clinical assessments 
(Kujawa & Liberman, 2009) has challenged previously held notions regarding the effects 
of noise exposure on hearing over the past decade by providing physiologic and 
histologic evidence of synaptic degeneration between inner hair cells and cochlear 
nerve terminals after a temporary threshold shift, in which normal hair cell populations 
and thus, clinically normal hearing sensitivity, remains. This loss of synaptic terminals, 
termed “cochlear synaptopathy,” is believed to precede gradual, permanent noise-
induced hearing loss (Kujawa & Liberman, 2006, 2009). It is also speculated to be one 
of several etiologies that may explain the proportion of individuals who present with 
hearing difficulties, especially complaints regarding speech-in-noise understanding, 
despite hearing sensitivity within normal limits (WNL) (Barbee et al., 2018; Liberman, 
Epstein, Cleveland, Wang, & Maison, 2016; Plack, Barker, & Prendergast, 2014; Zheng 
& Guan, 2018). However, the perceptual and behavioral consequences of cochlear 
synaptopathy or other subclinical manifestations of noise exposure in humans are not 
well-established because the methodologies used to cause and confirm it in animals are 
not ethical for human studies. Renewed attention to subclinical or “hidden” hearing loss1 
in general has spurred the auditory research community to seek physiologic evidence of 
subclinical noise-induced damage in humans and develop a diagnostic battery that will 
                                            
1 For the purposes of this dissertation, “subclinical” and “hidden” hearing loss are used as an umbrella 
term referring to auditory deficits not apparent via pure tone audiometry. This encompasses numerous 
etiologies that have gone by different names. For a comprehensive review of relevant terminology and 
etiologies, please see Pienkowski (2017). 
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be more sensitive than current clinical assessments2, allowing early identification of 
individuals who are at risk for developing clinically-significant noise induced hearing loss 
(NIHL) and possible validation for those with perceived hearing difficulties when other 
etiologies have been eliminated (Hickox, Larsen, Heinz, Shinobu, & Whitton, 2017; 
Liberman et al., 2016; NIDCD, 2016; Plack et al., 2016).  
Multiple candidate measures for early detection of noise-induced damage in 
humans are currently being explored, many of which are expanded or modified versions 
of existing techniques, such as extended high frequency audiometry and 
electrophysiologic protocols (Barbee et al., 2018; Hickox et al., 2017; Kobel, Le Prell, 
Liu, Hawks, & Bao, 2017; Zheng & Guan, 2018). However, many of the tests under 
consideration may not be practical to translate into clinical practice due to concerns 
about validity and reliability, ease of use, cost, long test times, and interpretation of 
results (Guest, Munro, Prendergast, & Plack, 2019). Even if a validated test battery of 
noise-induced subclinical hearing loss were to become available, anecdotal reports 
suggest that clinicians are skeptical that new diagnostic measures will provide a relative 
advantage over existing clinical methods for identifying individuals at risk for noise-
induced hearing loss.  
Current clinical methods for assessing an individual’s risk for accruing noise-
induced damage include using information from case history interviews, questionnaires, 
and standard hearing assessments to characterize environmental risk factors (i.e., 
occupational and recreational noise) and measuring functional hearing status to 
determine whether signs of damage are already evident. However, previous work has 
                                            
2 Upon successful validation and clinical implementation of such a test or test battery, the terms 
“subclinical” and “hidden” will no longer be appropriate. 
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demonstrated large intersubject variability in functional hearing status, assessed by 
standard hearing tests, between individuals with similar noise exposure histories; or 
alternatively, similar hearing impairments among individuals with different noise 
exposures (Cody & Robertson, 1983; Fuente, 2015; Henderson, Subramaniam, & 
Boettcher, 1993; Leensen, van Duivenbooden, & Dreschler, 2011; Lu, Cheng, Li, Zeng, 
& Zhao, 2005). This indicates that reports of noise exposure and tests of hearing 
function typically gathered in the clinic are not adequate to predict one’s susceptibility, 
or vulnerability, to noise damage. This has motivated research over the past decades 
into countless risk factors proposed to help explain whether an individual is more or less 
likely to develop noise-induced damage, such as race (Jerger, Jerger, Pepe, & Miller, 
1986), genetics (Sliwiniska-Kowalska, Pawelczyk, & Kowalski, 2006), smoking habits 
(Barone, Peters, Garabrant, Bernstein, & Krebsbach, 1987), eye color (Barrenas & 
Lindgren, 1991), vibration-induced white finger (Iki, Kurumatani, Moriyama, & Ogata, 
1990; Pyykko et al., 1981), etc. While risk for noise-induced damage, whether 
subclinical or clinically-significant, is a complex composite of multiple factors, 
physiologic vulnerability within the auditory system itself remains to be accounted for 
and is not assessed with existing clinical methods.  
AUDITORY EFFERENTS.  
One proposed approach to measure vulnerability is to assess the strength of 
efferent control to the cochlea. The auditory system has efferent mechanisms that 
contribute to protecting the ascending pathway from noise-induced damage, and a 
system whose natural defenses are weakened will be more physiologically vulnerable to 
damage (Liberman, Liberman, & Maison, 2014; Maison & Liberman, 2000; Maison, 
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Usubuchi, & Liberman, 2013), even at a subclinical level (Boero et al., 2018). These 
defenses include the middle ear muscle reflex (MEMR) and the medial olivocochlear 
reflex (MOCR), which inhibits the cochlear amplifier (Guinan, 2006; Rajan, 2000). While 
MEMR can be assessed during a standard diagnostic hearing evaluation to check for 
retrocochlear lesions, MOCR assessment does not yet have an established purpose in 
the clinic. There is not yet conclusive, robust evidence validating its many proposed 
uses, in part because of a lack of protocol standardization. Heterogeneity in the test 
parameters and reporting metrics used in research make it difficult to draw generalized 
conclusions (Boothalingam, Kurke, & Dhar, 2018), hindering translation to clinical 
practice. However, research investigating optimal stimulus parameters is enabling the 
development of assays that may be clinically applicable (Boothalingam et al., 2018; 
Marshall et al., 2014; Murdin & Davies, 2008). Although there are no clinical MOCR 
systems on the market, several have been produced by diagnostic equipment 
manufacturers that are sold as research-only. These systems use equipment already 
familiar to audiologists and meet several criteria for being a feasible clinical test, such 
as being fast, non-invasive, easy to administer, and show promising reliability and 
potential to classify ears as being at risk (Marshall et al., 2014). A typical method for 
estimating MOCR strength in humans is to measure an individual’s OAE in quiet, which 
is commonly done to assess outer hair cell (OHC) function in clinical settings, and 
compare with their OAE measured in the presence of a contralateral acoustic stimulus 
(CAS) (Collet et al., 1990). Greater OAE suppression with CAS indicates stronger 
medial olivocochlear efferent function.  
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Early work in animals and humans reported large intersubject variability in normal 
hearing individuals’ suppression of OAEs (Collet, Veuillet, Bene, & Morgon, 1992; 
Liberman, 1988), and this variability in MOC function has motivated investigation into its 
role and influencing factors. Group differences in MOC strength have been reported in 
several populations, leading researchers to tentatively suggest its use as a clinical tool 
to facilitate differential diagnosis for a plethora of disorders including tinnitus and 
hyperacusis (De Ceulaer et al., 2001; Favero, Sanchez, Bento, & Nascimento, 2006; 
Graham & Hazell, 1994; Knudson, Shera, & Melcher, 2014; Lalaki et al., 2011; Riga, 
Komis, Maragkoudakis, Korres, & Danielides, 2016; Riga et al., 2018; Riga, Papadas, 
Werner, & Dalchow, 2007; Rita & de Azevedo, 2005; Sturm & Weisz, 2015), auditory 
processing disorder in children (Muchnik et al., 2004; Sanches & Carvallo, 2006) and 
neonates (Durante & Carvallo, 2006, 2008; Morlet et al., 2004), vestibular neuritis 
(Chang, Song, Kim, & Koo, 2013), and fibromyalgia syndrome (Gunduz et al., 2008). 
There has also been investigation into the medial olivocochlear system’s role in speech 
understanding in noise, with some studies supporting a relationship (Abdala, Dhar, 
Ahmadi, & Luo, 2014; Backus & Guinan, 2007; Mukari & Mamat, 2008; Tokgoz-Yilmaz, 
Kose, Turkyilmaz, & Atay, 2013; Yilmaz, Sennaroglu, Sennaroglu, & Kose, 2007), some 
refuting (Stuart & Butler, 2012; Wagner, Frey, Heppelmann, Plontke, & Zenner, 2008), 
and some postulating it is utilized by top-down factors such as attention and experience-
dependent plasticity (de Boer & Thornton, 2008; de Boer, Thornton, & Krumbholz, 2012; 
Mishra & Lutman, 2014). One proposed use for MOCR testing is that of a predictor of 
risk for acoustic trauma, which is supported by substantial research in animal models 
demonstrating the olivocochlear system’s role as a protective mechanism. Collectively, 
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these works put forth that MOCR strength may aid in identifying “tender” versus “tough” 
ears, or vulnerable versus resistant ears, allowing clinicians to target tender ears at 
greatest risk for hearing loss and begin interventions earlier (Maison & Liberman, 2000; 
Otsuka, Tsuzaki, Sonoda, Tanaka, & Furukawa, 2016). A sample of studies in the 
literature regarding a relationship between MOC function and vulnerability to noise-
induced damage follows; for a complete review, please see Fuente (2015). 
RESEARCH FROM ANIMAL MODELS.  
Several studies in animals have provided evidence that individuals with weak or 
de-efferented ears are more vulnerable to noise-induced acoustic injury, manifested by 
larger temporary and permanent threshold shifts (TTS and PTS). Beginning in the 
1980s, Rajan and colleagues published several studies on this topic, including the first 
to show reduction in temporary threshold shifts in guinea pigs whose contralateral 
cochleae had either been destroyed or were stimulated during one minute of acoustic 
exposure at 103 dB SPL (Rajan & Johnstone, 1983). This protective effect could also be 
induced by delivering electric impulses to the contralateral round window, thereby 
stimulating the crossed olivocochlear bundle (Rajan & Johnstone, 1988a, 1988b).  
Other studies investigated the olivocochlear system’s protective role by 
chemically or surgically de-efferenting animals before noise exposure. Zheng, 
Henderson, Hu, Ding, and McFadden (1997) sectioned the olivocochlear bundle (OCB) 
in chinchilla, which were then exposed to 105 dB SPL noise for 6 hours. Compared to a 
control and sham operation groups, those with de-efferented ears had similar DPOAE 
amplitudes, but reduced compound action potentials (CAPs), implying poorer afferent 
function without olivocochlear protection from the noise. Zheng, Henderson, McFadden, 
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and Hu (1997) confirmed the olivocochlear system’s role in sound conditioning, or 
acquired resistance to noise trauma, as chinchilla with de-efferented ears demonstrated 
greater TTS, PTS, and outer hair cell loss compared to chinchilla with intact efferents 
after both groups underwent a conditioning protocol in which they were exposed to 
moderate noise (85 dB SPL) daily for ten days, followed by two hours of high intensity 
exposure (95 dB SPL). Kujawa and Liberman (1997) reported a similar finding, in which 
guinea pigs whose OCBs were completely lesioned showed greater PTS after noise 
exposure than intact animals. Additionally, de-efferented guinea pigs that underwent a 
conditioning protocol prior to traumatic exposure had larger threshold shifts, implying 
that the loss of efferent protection made them vulnerable to even the moderate 
conditioning noise levels.  
Using a non-invasive DPOAE adaptation approach, Maison and Liberman (2000) 
measured ipsilateral medial olivocochlear reflexes (MOCRs) in guinea pigs with normal 
cochlear function twice each and grouped the animals into “weak”, “intermediate”, and 
“strong” MOCRs. The animals were then exposed to traumatic noise (109 dB SPL for 4 
hours) and CAPs were measured one week later to allow for temporary threshold shifts 
to subside. Those with weak MOCRs prior to exposure had the poorest CAP thresholds, 
while those with strong reflexes suffered less damage. The strong results of this study 
led the authors to propose an OAE-based MOCR paradigm in humans as a “powerful, 
non-invasive screen for individuals with ‘tough’ versus ‘tender’ ears,” and that 
“[olivocochlear] reflex strength may be the single most important indicator” of 
vulnerability to noise damage. 
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Christopher Kirk and Smith (2003) argued that protection from acoustic trauma is 
unlikely the primary role of the olivocochlear system because the sounds used 
previously to demonstrate a protective effect are greater intensity than existed over the 
course of mammalian evolution. This, along with renewed attention to the idea that even 
sound levels not traditionally thought to be traumatic can leave lasting damage, 
prompted work to demonstrate the olivocochlear system’s protection to moderate sound 
levels. Maison et al. (2013) surgically de-efferented the OCB in mice before exposure to 
84 dB SPL for one week. This exposure caused minimal TTS and no PTS in control 
mice with intact OCBs, but de-efferented mice had OHC to cochlear nerve synapse 
counts reduced by up to 40% with decreased ABR Wave I amplitudes, similar to the 
reduced CAP amplitudes found by Zheng, Henderson, McFadden, et al. (1997), despite 
minimal changes to OAE amplitude below 20kHz. Maison et al. (2013) suggest that the 
protective gain control from the olivocochlear system may be necessary for survival of 
cochlear neurons, even in routine, non-traumatic noise levels. Liberman et al. (2014) 
also theorized that if cochlear synaptopathy is due to accumulated, everyday, moderate 
sound levels (80-100 dB), then the olivocochlear system may help to protect from even 
from non-traumatic sounds. Experimental mice underwent surgical de-efferentation and 
were only exposed to ambient sound levels in their animal care environment, measured 
below 70 dB SPL, for 45 weeks. Similar to those in Maison et al. (2013), de-efferented 
mice showed significantly reduced OAE amplitudes, decreased ABR Wave I 
amplitudes, and fewer afferent synapses than controls, leading the authors to conclude 
that integrity of the olivocochlear system “is necessary simply to maintain normal 
synaptic function in the aging ear.” They also present the idea of a vicious cycle in the 
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aging ear, where weakened efferent function allows for greater afferent cochlear nerve 
loss, and that reduced afferent input could further decreased efferent activation, making 
one more vulnerable for cochlear nerve loss, especially in noisy environments.  
RESEARCH FROM HUMANS.  
While animal studies provide convincing evidence that the olivocochlear system, 
more specifically the medial olivocochlear system, plays a protective or gain-control 
role, evidence in humans remains equivocal.  
 Early in the human MOCR literature, Collet, Morgon, Veuillet, and Gartner (1991) 
reported no correlation between suppression of OAEs and TTS caused by 3 minute 
exposure to 95 dB SPL in individuals with existing NIHL, while Engdahl (1996) reported 
a positive relationship between contralateral suppression of DPOAEs and DPOAE 
amplitude change induced by a monaural 10 minute, 102 dB SPL noise exposure in a 
sample of 8 individuals. This correlation, implying that stronger MOCRs are associated 
with greater vulnerability to noise, is in the opposite direction from what previous animal 
literature would predict. Engdahl (1996) posits that this finding may have been related to 
OAE saturation rather than efferent activity, that binaural noise exposure may be 
needed for more robust effects, and that because the noise damage in this study only 
caused TTS, the relationship between OAE measures and permanent threshold shifts 
(PTS) may be more revealing. 
Addressing this, Veuillet et al. (2001) investigated the relationship between 
suppression of OAEs and individuals’ recovery from TTS. Veuillet et al. (2001) 
assessed cochlear function using audiometric thresholds, spontaneous OAEs, click-
evoked OAEs, and contralateral suppression of click-evoked OAEs in 36 young military 
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personnel with unilateral NIHL in frequencies greater than 4000 Hz immediately after 
noise exposure from firearm use, as well as 3 days and 30 days following exposure. 
MOC strength was stable across time, and by day 30, there was large variability in 
recovery from the threshold shift. While suppression was not correlated with audiometric 
threshold shifts immediately after exposure, there was a significant correlation between 
audiometric threshold recovery in this frequency region and MOCR strength 3 days 
post-exposure. This indicates that stronger MOC effects may facilitate better threshold 
recovery, thus better protecting from noise damage to maintain normal function. 
Similarly, Wagner et al. (2005) measured contralateral suppression of DPOAEs 
in young adult males, as well as pure-tone audiometric thresholds before and 6 minutes 
after shooting a firearm for 30 seconds with foam hearing protection inserted. Only 7 
individuals subsequently met the criteria for TTS, and no correlation between 
contralateral suppression and TTS was evident, analogous to Veuillet et al.’s (2001) 
lack of a relationship between these variables immediately after firearm use. Other 
studies also did not find a relationship between suppression of OAEs and TTS- after 
one day of occupational noise (Muller & Janssen, 2008), 3 hours of club music (Muller, 
Dietrich, & Janssen, 2010), or 1 hour of listening to an MP3 player at a user-selected 
intensity (Hannah et al., 2014).  
Conversely, Wolpert, Heyd, and Wagner (2014) showed a statistically significant 
inverse correlation between raw contralateral suppression of DPOAEs and amount of 
TTS in 40 normal hearing participants before and after a 1 hour exposure to 94 dB SPL 
noise, as was hypothesized by the animal literature. Additionally, upon retroactively 
dividing participants into 3 groups based on contralateral suppression strength to mimic 
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Maison and Liberman’s (2000) approach, Wolpert et al. (2014) found that individuals in 
the “weak” suppression group were more likely to have larger TTS. Also in support, 
Otsuka et al. (2016) measured audiometric thresholds, click-evoked OAEs, and 
suppression of CEOAEs before and after an hour of violin practice. Because violin is 
played on the left, they saw a left ear TTS in audiometric thresholds and OAEs. They 
found that ipsilateral, but not contralateral, suppression was correlated with TTS and 
can potentially assess risk of hearing loss in musicians. 
A limitation common to several studies summarized above is the ethical inability 
to experimentally expose human subjects to noise levels that would definitively cause 
significant PTS. In those studies sampling individuals with occupational or service-
related noise exposure, hearing protection was utilized, minimizing threshold shifts. Yet, 
Maison et al. (2013) and Liberman et al. (2014) put forth that medial olivocochlear 
strength has a protective role even at moderate sound levels when noise exposure is 
longer-term, raising another possible limitation that the majority of noise exposures in 
the human literature are short in duration.  
Few studies have examined the relationship between MOC function and long-
term noise exposure resulting chronic noise damage in humans. Shupak et al. (2007) 
hypothesized that MOCR strength would predict PTS evident on the pure tone 
audiogram and monitored hearing thresholds for two years in a sample of 135 Israeli 
Navy recruits assigned to serve as engine room operators. They found no correlation 
between contralateral suppression of TEOAEs measured prior to service and threshold 
shift after two years of service with occupational noise exposure, concluding that 
“medial olivocochlear reflex strength before the beginning of chronic exposure to 
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occupational noise has no relation to individual vulnerability to NIHL.” Desai, Reed, 
Cheyne, Richards, and Prasher (1999) measured suppression of click-evoked OAEs in 
50 individuals occupationally exposed to noise for up to 10 years at a tea packing 
factory, as well as those of a control group. Of the ears with present OAEs, 3.8% of 
those in the control group lacked a statistically significant contralateral suppression 
effect, while 60% of those in the NIHL group lacked contralateral suppression, despite 
similar audiometric hearing levels. They conclude that absence of efferent suppression 
“may be an even earlier indicator of noise affecting the auditory system prior to any 
clinical or structural damage.” 
Though literature on chronic noise exposure and MOCRs in humans is sparse, 
studies of MOCR strength in musicians may lend insight because they are a population 
known to be exposed to moderate to high sound levels routinely, as music activities act 
as a vehicle for voluntary sound exposure. Prevalence and risk for temporary and 
permanent threshold shifts has been documented in musicians; thus, the effects of 
noise on the auditory system can be evaluated in relation to recent noise events or 
longer noise histories, allowing exploration of how auditory measures, such as 
suppression of OAEs, change over time in relation to noise. While musical training may 
put an individual at risk for noise-induced damage, it has also been shown to act as a 
form of auditory training and provides advantages for faithful processing of acoustic 
cues. Additionally, several studies have reported stronger suppression of OAEs in 
musicians, implying that musical training may enhance the efferent system. Therefore, 
two experiential forces (noise exposure and musical training) that may induce changes 
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in auditory function and the possible interaction thereof can be investigated in 
musicians.  
There are clear gaps in the literature regarding whether MOC function is itself 
influenced by noise exposure, and if so, on what timescale. As contralateral 
suppression of OAEs inches closer to clinical implementation as an index of MOCR 
strength, it is necessary to establish its reliability over time at a group level and within 
individuals, and to investigate what factors it may already reflect. Part 1 of this 
dissertation will begin to address these gaps by collecting suppression of OAE and 
noise exposure measurements over multiple test sessions spanning the course of an 
academic year. This information will help direct its potential use as a component of a 
screening or diagnostic battery to assess risk for noise-induced damage before it 
develops to a hearing loss evident on the audiogram. If MOC function, indexed by 
contralateral suppression of OAEs, is relatively stable, its measurement may be useful 
in early identification of individuals who have vulnerable, or “tender”, ears. If it is 
affected by noise exposure even before outer hair cell function is compromised, as 
suggested by findings in mouse (Boero et al., 2018) and human (Bhatt, 2017; Sliwinska-
Kowalska & Kotylo, 2002), it may also provide validation for individuals with perceived 
hearing difficulties when standard hearing tests show indicate within normal limits. 
 These speculated uses motivate examination of what is currently done in 
audiology practice for individuals with perceived hearing difficulties, but normal hearing 
sensitivity. Which existing tests are considered “standard” in these scenarios, and are 
they routinely being utilized? The uptake of a novel test into clinical practice must 
provide relative advantage over existing tools and be clinically feasible. This motivated 
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Part 2 of this dissertation, which will consider audiologists’ input as a potential end-user 
to help direct future work on contralateral suppression of OAEs, subclinical hearing loss, 
and translational auditory science in general. 
AIMS AND HYPOTHESES.  
MOCR has been explicitly raised as an area of research and clinical interest for 
differentially diagnosing subclinical hearing loss in recent years (National Institute on 
Deafness and Other Communication Disorders [NIDCD], 2016; Pienkowski, 2017; 
Spankovich & Le Prell, 2017). This dissertation focuses on MOCR strength, as indexed 
by contralateral suppression of OAEs, and its posited use as a clinically useful predictor 
of physiologic vulnerability to noise damage. In Chapter II, a brief review of MOC 
anatomy and physiology, and test and subject factors for consideration in suppression 
of OAE assays, is presented to support the document, though validating a specific set of 
parameters is outside the scope of this dissertation. Part 1 consists of data from a 
repeated-measures study of noise exposure and MOCR strength in clinically normal 
hearing young adults. Within it, Chapter III takes advantage of five test sessions per 
participant to examine the reliability of the MOCR paradigm utilized, and to investigate a 
hypothesis put forward by Bhatt (2017) that MOCR strength is modulated up and down 
based on short-term fluctuations of noise levels in the environment. Chapter IV utilizes a 
subset of this data to examine the influence of noise exposure on the relationship 
reported to exist between musical training and MOCR strength. In Part 2, Chapters V 
and VI details a survey of clinical audiologists documenting current practices for 
subclinical hearing loss and perspectives on emerging research, including MOCR as a 
case study, as well as knowledge creation and dissemination in audiology generally. 
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Chapter VII provides a summary of main findings and discussion of considerations for 
future work. 
In total, the components of this dissertation will allow progress towards 
determining the potential use of MOCR as an assessment of physiologic vulnerability to 
acoustic trauma in humans, contributing to a well-rounded clinical toolkit for early 




II. MOCR and Suppression of Otoacoustic Emissions: A Mini-
Literature Review. 
 
Since the olivocochlear system was first described by Rasmussen (1946), many 
studies in animals and humans have been done to try to understand its anatomy, 
physiology, and role in hearing. Several comprehensive reviews of these topics by 
established experts in the field have been published (Guinan, 2018; Guinan, 2006; 
Lopez-Poveda, 2018; Murdin & Davies, 2008). The following brief, non-systematic 
literature review consists of a representative selection of articles found through the 
PubMed database, University of Connecticut online library, and in reference sections of 
relevant literature. MOC anatomy and physiology, select OAE paradigm test factors, 
and subject factors is provided as an introductory background to support the following 
chapters.  
ANATOMY AND PHYSIOLOGY. 
 
The olivocochlear system is a neural feedback pathway that descends from the 
brainstem to the inner ear through the vestibular nerve. It is subdivided into two 
sections, the medial olivocochlear (MOC) system and the lateral olivocochlear (LOC) 
system, both of which project ipsilaterally, contralaterally, and bilaterally (Rasmussen, 
1946; Warr & Guinan, 1979). MOC efferents originate in the medial portion in the 
superior olivary complex and synapse with outer hair cells (OHCs), predominantly in the 
contralateral cochlea. When activated, MOC neurons release the neurotransmitter 
acetylcholine (ACh) across the synapse to α9α10 ACh receptors, which allows a flow of 
ions that ultimately reduces the OHC’s motility, or ability to provide gain (Guinan, 2018; 
Lopez-Poveda, 2018). LOC neurons consist of unmyelinated axons that terminate on 
the afferent nerve fibers of the inner hair cells (IHCs), and are predominantly ipsilateral. 
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Because they are unmyelinated and thin, LOC neurons are challenging to study even in 
animal models and therefore relatively little is known about their function (Guinan, 2018; 
Guinan, 2006).  
Much about olivocochlear anatomy and physiology was discovered using 
invasive procedures on animal models, such as delivering electrical stimulation to 
activate the olivocochlear bundle, abolishing efferents surgically or chemically, and 
recording auditory nerve responses at the round window. The discovery of otoacoustic 
emissions (OAEs) by Kemp, Bray, Alexander, and Brown (1986) allowed a non-invasive 
approach to objectively measure cochlear function, and soon after, research on MOC 
function in humans using contralateral suppression of OAEs began. When OAEs are 
recorded in one ear, an elicitor sound presented to the contralateral ear can reduce 
OAE amplitude (Collet et al., 1990; Veuillet, Collet, & Duclaux, 1991). This reduction, or 
suppression, can be used to infer MOC function such that greater suppression indicates 
a stronger MOC reflex (MOCR).  
TEST FACTORS. 
 
Perhaps the largest obstacles in MOCR research are the variety of testing 
parameters and reporting metrics used across studies. Suppression of OAE paradigms 
necessitate decisions regarding the OAE stimulus, suppressor stimulus, and recording 
parameters, such as temporal and spectral filters. Because there is no standardized 
protocol, human MOCR studies encompass countless combinations of test factors, 
making it impractical to draw conclusions across studies and impeding progress 
towards clinical application (Boothalingam et al., 2018). Further, many early studies 
report suppression as a “raw” or absolute” effect in dB, while others index suppression 
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as a percent change between OAE amplitude without and with the MOCR eliciting 
stimulus. Concise overviews of select test parameters are offered as context for which 
methods are most common and rationale for the methods in Study 1. 
Probe Stimulus Type. Suppression of both frequency-specific stimuli, including 
stimulus-frequency OAEs (SFOAEs) and distortion product OAEs (DPOAEs), and 
transient broadband stimuli3, including tone-pip, click, and chirp-evoked OAEs, have 
been studied. Guinan (2006) stated, “adequate data are not available to compare the 
different OAE measures for sensitivity, magnitude of OAE change, consistency of the 
measurements, or for determining the accuracy with which the OAE measures correlate 
with the underlying activation or the effects on cochlear output.” In the years since, 
several studies have shed light on advantages and disadvantages of different OAE 
stimulus probes, with TEOAEs most widespread. 
Frequency-Specific. Guinan, Backus, Lilaonitkul, and Aharonson (2003) make a strong 
case for the use of SFOAEs, elicited by low-intensity single frequencies, over other 
stimuli to evoke OAEs. Their 2003 study demonstrated that other probe stimuli, 
including clicks, tone-pips, and two-tone distortion themselves cause efferent 
suppression at the moderately high intensities they are often used for OAE measures 
(60 – 70 dB SPL), confounding the measurement of suppression evoked by a separate 
elicitor. Their proposed SFOAE-based paradigm to minimize potential confounds of 
middle ear muscle reflex and olivocochlear activity inadvertently evoked by the probe 
stimulus has not been widely utilized outside of this group because of its difficulty to 
                                            
3 “TEOAE” and “CEOAE” will be used interchangeably throughout this dissertation to reflect the 
terminology chosen by authors being referenced. Unless specified otherwise, references to TEOAE 
indicate a click stimulus. 
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measure and quantify accurately (Guinan, 2018; Mishra & Lutman, 2013; Murdin & 
Davies, 2008). The frequencies at which suppression of SFOAE should be measured 
are dependent on an individual, as frequencies with large spontaneous otoacoustic 
emissions must be avoided, and measures at multiple frequencies need to be averaged 
(Marshall et al., 2014).  
DPOAE paradigms have been more frequently utilized in studies (29 of 
approximately 95 studies of OAE suppression in human cited in this dissertation), but 
have distinct disadvantages inherent to being generated by two tones, causing both 
distortion and reflection emissions. MOC acts more strongly on the reflection emission 
component than distortion phase (Abdala, Mishra, & Williams, 2009), so where there 
are minima in DPOAE fine-structure (when the components are phase-cancelling), the 
MOCR can release the phase cancellation and consequently cause an increase in 
DPOAE magnitude, which appears as evoked enhancement, rather than suppression. 
Results of DPOAE tests can reflect artifacts of these mixed emission components, 
which can manifest as small suppression effects or enhancement (Murdin & Davies, 
2008). This, in addition to high variability across test sessions (Kumar, Methi, & 
Avinash, 2013) and sensitivity to difference in stimulus parameters (Wagner & Heyd, 
2011), render it suboptimal for clinical use in humans (Marshall et al., 2014; Mishra & 
Lutman, 2013). 
Broadband. The majority of human-based MOCR work utilizes transient-evoked 
otoacoustic emissions (TEOAEs) because they are straightforward, possible to measure 
using equipment available in some clinics (see Murdin and Davies (2008) for a 
recommended clinical procedure using ILO software from Otodynamics Ltd., London, 
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UK), and can be analyzed in frequency bands post-hoc if frequency specific information 
is desired (Guinan, 2018; Marshall et al., 2014). In the approximately 95 studies of OAE 
suppression in human cited in this dissertation, at least 69 use click-evoked OAEs. 
Chirp stimuli are less commonly referenced, however, Marshall et al. (2014) chose 
chirps over clicks in their evaluation of several parameter options because they show 
fewer artifacts and are less likely to elicit MOCR activity themselves. The Mimosa 
Acoustics, Inc. (Champaign, IL) HearID MOCR unit includes protocols based on the 
Marshall et al. (2014) work, so work using suppression of chirp-evoked OAEs is 
positioned to become more frequent in the literature as that research system penetrates 
the market.  
Both click- and chirp-evoked OAEs can be measured in linear or nonlinear 
stimulation modes. TEOAE amplitudes are known to increase nonlinearly as stimulation 
level is increased. Therefore, non-linear stimulation (Kemp et al., 1986) is often used to 
ensure that resulting measurements are the response generated from outer hair cells by 
minimizing stimulation artifact and middle ear components. In non-linear stimulation, 
every xth pulse’s polarity is inverted and greater in intensity than preceding pulses. “This 
strategy of adding an out-of-phase stimulus effectively minimizes the linear artifact but 
leaves the emission itself...” (Berlin et al., 1993). In comparison, linear mode presents 
repeated pulses of the same amplitude and polarity, thereby capturing middle ear and 
cochlear response components (Durante & Carvallo, 2008). Non-linear stimulation is 
advantageous for the purposes of recording suppression of OAEs and has been 
proposed as optimal for clinical uses (De Ceulaer et al., 2001; Durante & Carvalho, 
2002; Morlet et al., 2004) because it more exclusively reflects cochlear responses. 
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However, the resulting emissions are slightly attenuated compared to those measured 
with linear stimulation (Berlin et al., 1993), prompting other researchers to favor linear 
stimulation for its higher sensitivity for detecting suppression of OAEs (Hood, Berlin, 
Hurley, Cecola, & Bell, 1996; Mishra & Lutman, 2013). For the above reasons, the 
chirp-evoked TEOAE protocol adapted from Marshall et al. (2014) by Mimosa 
Acoustics, Inc. (Champaign, IL) was chosen to measure MOCR in Part 1 of this 
dissertation. 
Probe Stimulus Level. In the first study of the effect of probe stimulus level on OAE 
suppression in humans, Veuillet et al. (1991) did not find the negative relationship 
between probe level and suppression that was predicted. This relationship, since 
confirmed in multiple studies (Boothalingam et al., 2018; Guinan et al., 2003; Hood et 
al., 1996; Lilaonitkul & Guinan, 2009; Veuillet, Duverdy-Bertholon, & Collet, 1996) is 
expected because cochlear gain is greater for lower intensities, allowing greater 
suppression of the amplifier (Lewis, 2019). A high intensity probe stimulus risks 
unintentionally eliciting ipsilateral suppression in the test ear and confounding 
measurement of a baseline OAE before the suppression-eliciting noise is added 
(Guinan, 2006; Guinan et al., 2003). Thus, probe stimuli are presented at relatively low 
intensities that are great enough to evoke a measurable OAE, even with suppression 
elicited by a separate noise, but low enough to minimize risk of eliciting efferent effects 
itself. A level of 50 – 60 dB SPL has been found suitable and used in most studies 
(Hood et al., 1996; Murdin & Davies, 2008). Accordingly, chirp stimulus used to evoke 
TEOAE in the Part 1 study was presented at 50 dB SPL. 
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Suppressor Type. Sounds ranging from clicks and pure tones to narrow band and 
white noise have been investigated to determine which most effectively suppresses 
OAE amplitudes. Berlin et al.’s (1993) comparison of click-evoked OAE suppression 
using clicks, pure tones, and narrowband noise as suppressors concluded that 
narrowband noise elicited the greatest suppression of the three. Yet, narrowband noise 
is less effective than broadband noise (BBN), which becomes more effective as 
bandwidth is increased at any intensity level (Lilaonitkul & Guinan, 2009; Norman & 
Thornton, 1993). For this reason, broadband noise is most frequently used (at least 75 
studies referenced presently), and a 10kHz broadband noise is utilized in the protocol 
for Part 1.  
Suppressor Level. Just as it is important to consider the potential for the stimulus 
probe level to inadvertently evoke efferent activity, it is imperative to minimize risk of 
evoking the middle ear muscle reflex (MEMR), which is triggered bilaterally at higher 
intensities than the MOCR, when determining the suppressor intensity level. MEMR 
artifact can contaminate an MOCR recording because the reduction of compliance in 
the middle ear reduces the stimulus probe’s transmission to the cochlea where OAE is 
being measured, appearing as large suppression (Guinan, 2006; Lopez-Poveda, 2018; 
Marshall et al., 2014). With this, greater suppressor levels have been found to elicit 
greater suppression (Collet et al., 1990; Hood et al., 1996; Komazec, Filipovic, & 
Milosevic, 2003; Parthasarathy, 2001; Veuillet et al., 1991). Two predominant 
approaches have risen to address this complication. Several studies using broadband 
noise (BBN) as the suppressor have measured participants’ thresholds to BBN and 
presented it at a low sensation level (SL), often 30 dB SL (Chery-Croze, Truy, & 
  
 23 
Morgon, 1994; Collet et al., 1990; Collet et al., 1991; Goodman, Mertes, Lewis, & 
Weissbeck, 2013; Micheyl, Carbonnel, & Collet, 1995; Micheyl, Khalfa, Perrot, & Collet, 
1997; Mishra & Lutman, 2013, 2014; Veuillet et al., 1991; Veuillet, Magnan, Ecalle, 
Thai-Van, & Collet, 2007), but ranging from 35 – 55 dB SL (de Boer & Thornton, 2007, 
2008; Lisowska, Namyslowski, Orecka, & Misiolek, 2014; Mertes & Goodman, 2016; 
Riga et al., 2016). Many other studies (at least 20 in the present review) have deemed 
60 dB SPL an appropriate BBN suppressor level, at which very few normal hearing 
individuals would have a MEMR (Aguilar, Johannesen, & Lopez-Poveda, 2015; Guinan, 
2006; Guinan et al., 2003; Lilaonitkul & Guinan, 2009; Marshall et al., 2014). With both 
of these approaches, it is necessary to measure MEMR thresholds for the suppressor 
(i.e., contralateral MEMR threshold to BBN if BBN will be presented as a contralateral 
suppressor) or minimally, screen for MEMR thresholds to exclude participants or modify 
the suppressor level for those whose MOCRs may be contaminated. The ability of 
typical clinical impedance equipment to accurately and precisely measuring MEMR 
thresholds has come under scrutiny, so more sensitive methods requiring more complex 
measurements have been proposed (Guinan, 2006; Marshall et al., 2014; Zhao & Dhar, 
2010). In Part 1, the common 60 dB SPL BBN is used as a contralateral suppressor and 
screening to check for contralateral MEMR to this stimulus was performed for all 
participants due to equipment and time restrictions. 
Contralateral, Ipsilateral, Bilateral Suppressors. Suppression of OAEs can be 
measured with the suppressor stimulus presented contralaterally, ipsilaterally, or 
bilaterally. The earliest work, and majority of studies since, have used the contralateral 
suppression paradigm described by Collet et al. (1990). Berlin, Hood, Hurley, and Wen 
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(1994) then described a forward masking paradigm in which click-evoked OAE 
magnitude is compared in conditions without and with suppression noise immediately 
preceding CEOAE measurement, allowing an index of ipsilateral and bilateral 
suppression effects. Studies comparing all three placements (Berlin, Hood, Hurley, 
Wen, & Kemp, 1995; Boothalingam et al., 2018; Guinan et al., 2003; Lilaonitkul & 
Guinan, 2009) or a combination of two (Berlin et al., 1994; Bidelman, Schneider, 
Heitzmann, & Bhagat, 2017; Otsuka et al., 2016) lend mixed results comparing 
ipsilateral and contralateral suppression depending on a variety of other factors. Results 
have generally shown bilateral presentation of a suppressor stimulus to cause the 
greatest suppression (Berlin et al., 1995; Boothalingam et al., 2018). Despite this, 
contralateral suppression is the most straightforward paradigm to set up, analyze, and 
interpret because it avoids acoustic contamination of the probe stimulus evoking the 
OAE in the test ear (Guinan et al., 2003; Veuillet et al., 1991). Contralateral suppression 
was chosen for data collection in Part 1 for these reasons, and to maximize 
comparability to extant literature. At minimum, 85 of the studies of OAE suppression in 
humans referenced in this review measured contralateral suppression, while 
approximately 7 utilized ipsilateral and/or bilateral suppression effects.  
Ear effects. Khalfa and Collet (1996) first reported a “functional asymmetry” of the MOC 
system, showing greater suppression of OAEs in right ears than left. Several studies 
have since replicated finding a significant difference in the ears’ MOCR strength 
(Durante & Carvallo, 2008; Garinis, Glattke, & Cone, 2011; Khalfa, Micheyl, Veuillet, & 
Collet, 1998; Khalfa, Morlet, Micheyl, Morgon, & Collet, 1997), though the evidence is 
not unanimous. There was no significant difference between the right and left ears for 
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contralateral or ipsilateral suppression in a study by Otsuka et al. (2016). These authors 
hypothesize that because the participants were violinists with greater noise exposure to 
the left ear and greater noise exposure is hypothesized to strengthen the MOCR, their 
left ears were enhanced to match their right. Stuart and Cobb (2015) did not find an 
effect of ear when suppression was indexed as either a raw change in dB in OAE 
amplitude with the addition of contralateral noise, nor as a percent change between 
conditions (normalized to baseline OAE). Similarly, Garinis et al. (2011) found no 
difference between ears when suppression was indexed as absoute dB, however, 
suppression was greater in the left ear when normalized to baseline in each participant. 
Using a larger sample size than previous studies, Stuart and Kerls (2018) demonstrated 
essentially the same result as Garinis et al. (2011)- no ear difference when suppression 
was indexed in dB, but stronger suppression in left ears when normalized (see Chapter 
VII for discussion). Altogether, there are mixed results regarding an ear effect, and 
Stuart and Kerls (2018) make a case that this may be a spurious effect in some studies. 
To be conservative, the OAE suppression in the right ears of participants in Part 1 were 
measured. In cases where the right ear could not be measured (i.e., poor probe fit) left 
ears were measured. This occurred for 6 participants total and there was not a 
significant difference between their raw or normalized TEOAE suppression compared 
with participants whose right ears were measured (see Part 1). 
SUBJECT FACTORS. 
 
Age. Research on preterm neonates suggest that MOC efferents mature in utero, as 
suppression could be measured in neonates as early as 32-33 weeks gestational age 
and reached values comparable to adults at 37 weeks (Chabert et al., 2006). Other 
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studies support that the MOC bundle is functionally mature in full-term newborns 
(Durante & Carvalho, 2002), but may decrease from birth to 6 months old (Durante & 
Carvallo, 2006). In adults, evidence of MOC function changes across age is conflicting. 
Castor, Veuillet, Morgon, and Collet (1994) revealed decreases in contralateral 
suppression with age, but older subjects had peripheral hearing loss that could have 
confounded the results. Yilmaz et al. (2007) report a decline in suppression with age, 
though it did not reach significance in their sample and declines in hearing sensitivity 
were also noted. Abdala et al. (2014) found a mild effect of aging on suppression for 
middle-aged adults at frequencies below 1500Hz. Elderly subjects showed the strongest 
suppression, but the authors acknowledge this may be due to MEMR contamination. 
Similarly to Abdala et al. (2014), Kim, Frisina, and Frisina (2002) reported a decline in 
suppression beginning in middle-aged adults whose audiograms were still within normal 
limits and DPOAE amplitudes were comparable to a group of young adults. This finding 
was also replicated in mice, leading Jacobson, Kim, Romney, Zhu, and Frisina (2003) to 
conclude that decline in MOC function precedes declines in OHC function. Only young 
adults were recruited for the Part 1 study, with ages ranging from 18 to 24 years old, so 
potential age effects are unlikely to play a role in study results.  
Sex. There is a general consensus that females have stronger OAEs than males, 
especially spontaneous and click-evoked OAEs (McFadden, Martin, Stagner, & 
Maloney, 2009). As early as 1993, McFadden theorized that this sex effect could be 
driven by differences in efferent function, such that stronger efferent function in males 
would rationalize evidence of stronger OAEs in females. Over the past 3 decades, 
McFadden and colleagues have published an impressive literature detailing the how 
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androgen levels may influence outer hair cell function in humans and animal models 
(Loehlin & McFadden, 2003; McFadden, 1999, 2000; McFadden, Loehlin, & Pasanen, 
1996; McFadden, Martin, et al., 2009; McFadden & Pasanen, 1998, 1999; McFadden, 
Pasanen, & Callaway, 1998; McFadden, Pasanen, Raper, Lange, & Wallen, 2006; 
McFadden, Pasanen, Valero, Roberts, & Lee, 2009; McFadden, Pasanen, Weldele, 
Glickman, & Place, 2006; McFadden & Shubel, 2003; Wisniewski et al., 2014), but do 
not rule out possible contributions from differences in the olivocochlear efferent system, 
which may also have a biological basis. In line with this early speculation, (Durante & 
Carvallo, 2002, 2006) found stronger suppression of TEOAEs in male neonates, and 
Zamiri Abdollahi (2011) also report significantly stronger suppression of TEOAEs in 
young adult males despite greater baseline TEOAEs amplitudes in females. However, 
several studies have reported no significant difference in MOCR suppression between 
males and females (Bhatt, 2017; Brashears, Morlet, Berlin, & Hood, 2003; Durante & 
Carvallo, 2008; Stuart & Cobb, 2015), though Brashears et al. (2003) noted that women 
in their sample tended to have greater suppression than men. Stuart and Kerls (2018) 
report higher TEOAE amplitudes in young adult females than males in their study, as 
expected. When suppression was indexed as a raw effect in dB, no significant sex 
difference was found, but normalized, suppression was statistically greater in males. 
This is the same finding reported regarding ear effects in this study, and the authors 
similarly address it as a spurious result of normalization. Therefore, sex is controlled for 
in a regression model when a significant difference between males and females TEOAE 
suppression is found in Part 1, Chapter IV.   
  
 28 
Attention. Initially, the MOCR was believed to be a peripheral reflex pathway, but 
ample evidence now reveals that it can be influenced by cortical activity. One of the 
predominant lines of research supporting top-down control of the MOC system in 
humans is studies of attention on OAEs and on suppression of OAEs (Giard, Fort, 
Mouchetant-Rostaing, & Pernier, 2000; Meric & Collet, 1994). For example, de Boer 
and Thornton (2007) recorded suppression of click-evoked OAEs in normal hearing, 
young adult participants in 4 task conditions: no task, passively watching a subtitled 
video, active visual task, and active auditory task. Selective attention to the ipsilateral 
ear through the active auditory task reduced suppression. A similar study by Garinis et 
al. (2011) embedded speech into the contralateral noise to create an active auditory 
task and found greater suppression when attention was directed toward the 
contralateral ear. Thus, attention can affect strength and variability of MOCR 
measurement. This top-down control may also be an important contributing mechanism 
for auditory plasticity. Although no explicit instructions regarding attention were given in 
the Part 1 study, participants were positioned in front of the recording laptop and 
passively watched the screen during measurement. The passive visual condition in de 
Boer and Thornton (2007) was not associated with different suppression strengths than 
found in the other attention conditions, but recording noise was significantly reduced in 













To study the relationship between noise exposure and MOC function, data was 
collected on college students between the ages of 18 – 24 years old, who were 
recruited via an announcement on the University of Connecticut’s Daily Digest email 
and word of mouth. As part of a large study also measuring other behavioral 
electrophysiologic tests, participants were required to be native speakers of American 
English to control for language on tests comprised of speech understanding (not 
included in this dissertation), have no history of chronic ear infections to rule out 
possible long-term effects of middle ear pathology, and no history of neuropathy or head 
trauma to minimize possibility of acquired auditory processing weaknesses. Prior to 
inclusion in the study, participants passed an otoscopic exam, a DPOAE screening (6dB 
SNR at ≥ 4 of 6 frequencies 2.5 – 6kHz), middle ear muscle reflex (MEMR) screening, 
and demonstrated hearing within normal limits (pure-tone audiometry thresholds ≤20 dB 
HL from 250 – 8000Hz).  
 Upon passing the screening criteria, participants completed a 24-hour quiet-
period where noise exposure, measured using a body-worn sound level meter called a 
dosimeter, was to remain below 20% of an acceptable 100% noise dose to minimize the 
potential for the baseline tests reflecting a temporary threshold shift. Instructions given 
to participants regarding the quiet period can be found in Appendix A4. The test battery 
included pure-tone audiometry and medial olivocochlear reflex (MOCR) testing. This 
                                            
4 Quiet period criteria and instructions were developed by J. Tufts. 
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was repeated one week later. During the week between test sessions, participants wore 
a dosimeter to quantify noise exposure. The initial test session, week of dosimetry, and 
test at the end of the week constitute Round A. During the second test week (Round B), 
taking place 1 to 6 months after the first, participants again wore the dosimeter 
throughout the week and underwent two test sessions. During the third test week 
(Round C), one test session was completed following a week of dosimetry. In total, 
participants were scheduled for five MOCR test sessions, three of which were 
proceeded by weeklong dosimetry measurements, over the course of an academic 
year. During their time in the lab, participants also completed the Noise Exposure 
Questionnaire (NEQ, Johnson et al., 2017) and questionnaires collecting demographic 
and music training information (Montreal Music History Questionnaire, MMHQ; Coffey, 
Scala, & Zatorre, 2011).  
An additional small cohort of 14 participants received only one test session, and 
are therefore included in analysis for Chapter IV (The Benefits and Hazards of Musical 
Training on Efferent Control of Cochlear Gain), but not Chapter III (Group and Individual 
Reliability of Contralateral Suppression of TEOAEs). Their data is included alongside 
Session 4 because their test session was not preceded by a quiet period and Session 4 
had the most complete data set for the repeated-measures study. 
This study was approved by the Institutional Review Board at the University of 
Connecticut. Prior to starting the experiment, written consent was obtained from all 






















Noise Exposure Questionnaire: Yearlong Dose. Similarly to Bhatt (2017), the Noise 
Exposure Questionnaire was used to estimate noise exposure within the year before 
study participation. The NEQ estimates an LAeq8760h, an A-weighted sound pressure 
level over the past year with a 3-dB exchange rate, from self-reported exposure to 11 
categories of occupational and non-occupational noise sources (Johnson et al., 2017). 
The LAeq8760h is used to calculate the noise dose accumulated over that time, or the 
yearlong dose.  
Dosimetry: Weeklong Dose. Bhatt (2017) noted the limitations of using a 
questionnaire and concluded that a “comprehensive battery of noise dosimetry would 
yield greater precision” in the estimation of noise exposure and its relation to MOC 
suppression. In addition to quantifying noise exposure using a self-report questionnaire, 
participants in the current study wore a small, body-worn device called a dosimeter that 





































































Figure 1. Schematic of testing. Screening procedures were completed on Day 0, and a quiet period (confirmed with 
dosimetry measurement) was required before return to the lab on Day 1 for Session 1. Session 2 occurred at the end of 
the first week, completing Round A. For Round B, participants picked up a dosimeter, returned within the week for 
Session 3, and Session 4 was done at the end of the week of dosimetry. For Round C, participants picked up a 
dosimeter and returned one week later for Session 5. The group median number of days since Day 1 are noted per 
session.   
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continuously recorded sound levels for the week prior to testing. The Etymotic ER-
200W8 Personal Noise Dosimeters (Elk Grove Village, IL) were set with a 75 dBA 
threshold, 85 dBA criterion level, and 3 dB exchange rate. Once recording was 
commenced by the tester, the power button was disabled to ensure continuous 
recording of sound levels for 168 hours uninterrupted, expressed an LAeq168h. The 
LAeq168h is an estimated A-weighted sound pressure level over the week and is used 
to calculate the noise dose accumulated over that time, expressed as a percentage of 
the National Institute for Occupational Safety and Health’s daily acceptable noise 
exposure, where doses greater than 100% are considered hazardous (National Institute 
for Occupational Safety and Health, 1998). The weeklong noise dose utilized in this 
study reflects the weighted average of the 168 hours recorded. Week-long (168 hour) 
recording windows were chosen to estimate the routine noise exposure experienced by 
participants during the academic year, at the time of their participation in the study. 
Students tend to have regularly scheduled weekly activities and classes; thus, weekly 
noise dose is expected to be relatively similar throughout the academic year though 
noise dose may vary greatly across days. Participants were instructed on device usage, 
including how to wear it, what to do if it must be removed (e.g. during sleep, shower, 
contact sports), and how to ensure that it is recording.  
Audiometry. Pure tone audiometric hearing thresholds were obtained in each ear using 
a modified Hughson-Westlake method at 0.25, 0.5, 1, 2, 3, 4, 6, and 8 kHz via insert 
earphones. The participants were instructed to press a response button whenever a 
tone is heard. Bone conduction thresholds were obtained at a mastoid placement to rule 
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out conductive hearing loss in cases where an air-bone gap of greater than 15 dB was 
possible.  
Middle Ear Muscle Reflex (MEMR) Screening. Middle ear muscle contractions, 
referred to as either “middle ear muscle reflex” (MEMR) or “acoustic reflex”, are a major 
caveat to OAE-based tests of MOCR function because they can greatly affect the 
measurement of OAE amplitudes. When provoked by a sound stimulus of great enough 
intensity, the middle ear muscle reflex increases impedance in the middle ear and 
reduces the energy transmitted to the cochlea. Therefore, to reduce the likelihood of 
MEMR artifact during MOCR measurement, the MOCR eliciting stimulus should be 
below the MEMR threshold (Guinan, 2006; Lopez-Poveda, 2018; Marshall et al., 2014). 
That is, the MOCR elicitor should presented at an intensity lower than MEMR threshold 
to minimize unwanted MEMR contamination. Previous work has found MEMR 
thresholds for broadband noise (BBN) are typically 65 – 75 dB SPL (Gelfand, 1984; 
Guinan, 2006; Guinan et al., 2003). In the current study, the broadband noise (BBN) 
used as the MOCR elicitor was 60 dB SPL, which is below the MEMR threshold range 
reported in the literature. However, to ensure that this BBN stimulus level was 
insufficient to produce a MEMR in our dataset, MEMR screening was performed using a 
GSI Tympstar (Grason-Stadler, Inc., Eden Prairie, MN) with a 60 dB HL5 broadband 
noise stimulus prior to MOCR testing. All participants included in this study had absent 
contralateral MEMRs to 60 dB HL broadband noise, defined as a ≤ 0.02 cc reduction in 
middle ear compliance. 
                                            
5 The GSI Tympstar immittance machine used here for MEMR operates in dB HL, and the reference 
value GSI used for calibrating BBN into dB HL is unknown. However, 60 dB HL is still estimated to be of 
greater intensity than 60 dB SPL because the HL includes calibration to a reference threshold value, 
found by GSI. 
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MOCR: Contralateral Suppression of Transient Evoked Otoacoustic Emissions. 
MOCR strength was indexed as the suppression of transient evoked otoacoustic 
emissions (TEOAEs) using HearID software (Mimosa Acoustics, Champaign, IL) in the 
right ear of participants who met the MEMR screening criteria because the right ear is 
purported to show stronger suppression (Khalfa & Collet, 1996; Khalfa et al., 1998). 
When MOCRs could not be obtained in the right ear due to probe fit and calibration 
difficulty, the left ear was used. Of the sample included in Chapter III, this occurred for 
27 sessions spread among 6 participants and there was not a significant difference in 
TEOAE suppression between sessions that tested right and left ears (raw suppression 
effect: U(1) = 1.14, p = .393; normalized suppression: U(1) = 0.05, p = 1.00). Of the 
sample included in Chapter IV, the same 6 participants’ left ears were tested and there 
was not a significant difference in Session 4 suppression between those with left versus 
right ears tested (raw suppression effect: U(1) = 0.88, p = .619; normalized suppression: 
U(1) = 0.003, p = .704). HearID includes several preset TEOAE-MOCR protocols in the 
software. The TE50_B2000_N60 protocol was chosen because it is similar to the 
TEOAE method used by Marshall et al. (2014) with further optimization and can be 
compared to their results. This protocol uses as 50 dB SPL Shera chirp stimulus 
(bandpassed from 1 – 5kHz) for TEOAE measurement. The stimulus was presented 
through an ER10C probe tip insert (Etymotic Research Inc., Elk Grove Village, IL) in 
non-linear mode. A wideband analyzing band was utilized because it has been shown to 
produce the greatest quantity of usable data, compared to the 0.5 – 2.5 kHz band that is 
also analyzed in this protocol (Marshall et al., 2014). 
  
 35 
The contralateral stimulus in this protocol is a 10 kHz 60 dB SPL broadband 
noise (BBN) filtered with a lowpass Butterworth filter presented through an ER1 insert. 
60 dB SPL has been shown to effectively evoke the MOCR while remaining below 
MEMR threshold for the majority of participants (Guinan, 2006). Marshall et al. (2014) 
reported that 5 – 10% of their sample of a similar population were expected to have 
MEMRs at 60 dB SPL level and would not be included in analysis. Similarly, participants 
in this study were screened for an absent MEMR to BBN at the level of the CAS and 
those with a present reflex were excluded.  
The only modification to the preset HearID protocol was a reduction from 8 to 4 
trial-pairs, based on Marshall et al.’s (2014) finding that the median trials needed for 
within-session stability of MOCR strength is 3. This reduced test time to approximately 
3-5 minutes per session. Each trial-pair consisted of a TEOAE measurement without 
contralateral broadband noise (CAS-off) and TEOAE measurement with contralateral 
broadband noise presented (CAS-on). The test process is automated such that once 
OAEs reach a sufficient signal-to-noise ratio in the CAS-off trial, contralateral BBN is 
added after 2 seconds to begin the CAS-on trial. 10 seconds are given before the next 
trial-pair. Default quality-control criteria ensuring the probe stimulus within ± 3 dB of 
target (maximum stimulus level tolerance), minimum SNR of 6 dB, and maximum noise 
of -6 dB SPL during OAE measurement were applied throughout testing. 
Numerous MOCR studies in humans have been published using raw 
suppression effect in dB as the dependent variable6. To facilitate comparison with the 
                                            
6 Rather than arithmetic differences for their “absolute” or “raw” suppression effect, Marshall et al. 
(2014)’s MOCR strength % metric is derived using vector differences in the frequency domain. While this 
metric may be more accurate and is automatically calculated by the MOCR research module developed in 
collaboration with Mimosa Acoustics, it is unlikely to be calculated for clinical use (Killan, Brooke, Farrell, 
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literature, this conventional metric was calculated as the difference between TEOAE 
amplitudes in CAS-off and CAS-on conditions, and will be reported as Suppression(dB). 
However, an argument has been made for MOCR results to be reported as normalized 
to avoid bias dependent on an individual’s OAEs in quiet (Backus & Guinan, 2007; 
Garinis et al., 2011; Mishra & Lutman, 2013). Thus, a normalized index of MOCR 
strength was quantified by comparing the change due to CAS against the CAS-off trial, 
thus producing a normalized percentage change from baseline. This value was 
calculated according to the equation Suppression(%) = !"##$%&&'()(+,)
./!0(11	3/4
	× 	100. Higher 
suppression values signify greater MOC inhibition on the TEOAE. The mean across 
trials is used to represent each session in analysis. 
                                            
& Merrett, 2017) due to its complexity without a comparable clinical module available. It has not yet been 
widely reported in the research realm, with only one study external to the Marshall group reporting this 
metric known at this time (Yeend, Beach, Sharma, & Dillon, 2017). 
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III. Group and Individual Reliability of Contralateral Suppression of 
TEOAEs. 
 
Contralateral suppression of otoacoustic emissions is frequently employed to 
estimate strength of the medial olivocochlear system in human research. As discussed 
in Chapter I, OAE-based MOCR approaches reveal great between-subject variability 
(Backus & Guinan, 2007; Collet et al., 1992; Goodman et al., 2013; Graham & Hazell, 
1994; Norman & Thornton, 1993; Veuillet et al., 1991), and wide variability in 
olivocochlear efferent function is posited to reflect or predict meaningful differences 
between individuals’ auditory systems, such as vulnerability to noise-induced damage 
(Liberman et al., 2014; Maison & Liberman, 2000; Maison et al., 2013). As is true for 
any test, a clinically-applicable MOCR procedure must be stable upon retest within an 
individual in the absence of true physiologic changes, across long periods of time (Killan 
et al., 2017).  
Generally, suppression of TEOAEs has been demonstrated as stable when 
evaluated at the group level, but there remains a lingering skepticism of its reliability on 
an individual level and its ability to consistently classify individuals7. Marshall et al. 
(2014) ran several complex statistical analyses to evaluate within-session reliability of 
the MOCR strength metric that they developed to describe suppression of chirp-evoked 
OAEs, and reliability across two sessions typically 1 day apart (ranging from 2 hours to 
a few weeks) was examined using Pearson correlations. Correlations between sessions 
were all significant with coefficients greater than .80, indicating a strong relationship 
between MOCR strength across sessions. Other studies have used statistic methods to 
                                            
7 Kumar et al. (2013) reported poor within- and across-session reliability of contralateral suppression of 
DPOAEs, and Wagner and Heyd (2011) report that suppression of DPOAEs may not consistently rank 
and or/ classify subjects into categories. 
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not only assess relationships between multiple test sessions, but agreement among 
sessions. Both Mishra and Lutman (2013) and Stuart and Cobb (2015) tested 
contralateral suppression of linear click-evoked OAEs over two test sessions in normal 
hearing youg adults, with 1 – 2 days (Stuart & Cobb, 2015) or 1 – 4 days (Mishra & 
Lutman, 2013) between sessions. They report Cronbach’s alpha values greater than .80 
indicating good to excellent reliability between test sessions. These studies also utilize 
Bland-Altman plots (Bland & Altman, 1986) to investigate the agreement between 
TEOAE values across sessions. Both studies’ results indicate no bias regarding test 
session (no significant difference between test sessions) and no proportional bias 
(linear trends between the difference between sessions and average of sessions). No 
main effect of test session was evident in a repeated measures analysis of variance 
(ANOVA) (Mishra & Lutman, 2013) or mixed effects model (Stuart & Cobb, 2015). 
Mishra and Lutman (2013) conclude that “CEOAE-based measures of the MOC reflex 
are stable over time and that the CEOAE-based MOC test may be used to detect and 
monitor subtle changes in the efferent system associated with pathology or 
intervention.” Stuart and Cobb (2015) agree, though state that the “reliability” reported in 
a study cannot be generalized to all contralateral suppression of OAE protocols, 
participants, and occasions.  
The ability to determine a significant change in suppression within an individual 
would allow identification of physiological changes, but few studies have examined 
across session reliability at the individual level (Backus & Guinan, 2007; Goodman et 
al., 2013; Mertes & Goodman, 2016). Mertes and Goodman (2016) measured changes 
in MOC “shift,” quantified by both MOC evoked changes in TEOAE amplitude and 
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phase, across 5 weeks at 4 test sessions (each containing 4 measurements) in normal 
hearing young adults. Within-subject variability was reported as standard deviation 
across all 16 measurements within a participant and most participants had small 
deviations, indicating stable TEOAE suppression across sessions. Though their group 
data showed low variability across sessions, some individuals had greater standard 
deviations across measurements, suggesting that “1.5 to 2 dB would be required before 
any change could be attributed to something other than measurement variability.” Killan 
et al. (2017) notes that while Mishra and Lutman (2013) and Stuart and Cobb (2015) did 
not discuss within-subject reliability, their Bland-Altman plots show differences between 
test sessions greater than 1 dB within individuals. Killan et al. (2017) evaluated 
contralateral suppression of CEOAEs at 4 test sessions, with intervals ranging from 3 to 
34 days between consecutive sessions, and show that despite the group’s mean 
suppression appearing stable over time, large changes (up to 1.8 dB) between 
consecutive sessions are seen at the individual level.  
Within-subject differences between sessions can be comprised of many 
potentially interacting factors in addition to standard measurement error, such as 
physiologic changes influenced by subject factors. Of interest, the medial olivocochlear 
system is hypothesized to be susceptible to experience-dependent plasticity. This has 
been demonstrated by both between- and within-subject studies examining how training 
may impact MOC strength. One line of research supporting the notion that MOCR 
strength can change over time is the musician literature reporting stronger MOCRs in 
individuals with extensive musical training (Bidelman et al., 2017; Brashears et al., 
2003; Bulut et al., 2019; Micheyl et al., 1997; Perrot, Micheyl, Khalfa, & Collet, 1999), 
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but the mechanisms by which musical training may strengthen MOC function remain 
unclear. Additionally, this literature lacks a randomized-control study measuring MOCRs 
pre- and post- musical training versus an alternate training task to rule out other subject 
factors. While this experimental data is not available for musical training, a study by de 
Boer and Thornton (2008) had participants undergo 5 days of auditory training to 
improve phoneme recognition in noise. They found that initial MOC activity predicted 
improvement on the listening in noise task, such that individuals with weaker MOC 
activity showed greater improvement. Additionally, significant learning was associated 
with stronger MOCRs post-training. de Boer and Thornton (2008) attribute this plasticity 
to “task-related adaption from the descending control from the cortex,” similar to Perrot 
and Collet (2014)’s hypothesis regarding top-down strengthening of cortico-
olivocochlear pathways as a mechanism for musical training’s effect on the MOC 
system. Perrot and Collet (2014) also propose a sound conditioning effect on the 
peripheral component of the olivocochlear pathway as a possible mechanism for 
enhanced MOC suppression in musicians, which still serves to support the notion that 
MOCR strength is malleable. Sound conditioning, or repeated exposure to moderate 
noise levels, has been shown in animal models to strengthen the efferent reflex loop 
and protect from traumatic noise exposure (Brown, Kujawa, & Liberman, 1998; Kujawa 
& Liberman, 1997, 1999; Zheng, Henderson, McFadden, et al., 1997). This raises the 
idea that noise exposure may influence MOC strength in humans, and Bhatt (2017) 
predicts that an individual’s MOC strength fluctuates with short-term changes in noise 
exposure. However, the handful of studies investigating MOCR and temporary threshold 
shifts in humans which report measures of suppression before and after short-term (<1 
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day) noise exposure do not support this prediction. Veuillet et al. (2001) measured 
suppression of CEOAEs in military personnel across three sessions (0, 3, and 30 days 
after acoustic trauma due to firearm impulse noise) and no effect of session was evident 
in repeated measures ANOVA. Wagner et al. (2005) measured contralateral 
suppression of DPOAEs in young adult males before and 6 minutes after shooting a 
firearm for 30 seconds with foam hearing protection inserted and reported good test-
retest reliability, with a mean within-subject, between sessions difference of 0.017 dB.  
 The purpose of the present study was to address gaps in the literature by 
providing group test-retest data over a longer time span than previous studies and 
examining within-subject reliability across test sessions. If large changes in suppression 
within individuals are found, the study design allows exploratory investigation into 
whether these fluctuations are related to recent (day before) noise dose because 
participants wore dosimeters prior to testing.  
SPECIFIC METHODS (See Part 1, General Methods). 
 
Participants. Of the participants recruited for this repeated-measures protocol, 4 
participants were excluded because they completed fewer than half of the test sessions, 
leaving 30 participants (21 female) included in this analysis. 6 participants who are 
included are missing data from one of their five test sessions due to poor quality data or 
equipment failure on their test day, resulting 144 test sessions in total (Session 1: n = 
28; Session 2: n = 28; Session 3: n = 29; Session 4: n = 30; Session 5: n = 29).  
Pure tone audiogram thresholds, calculated from 250 – 8000Hz including semi-
octaves, averaged 5.42 (SD = 3.73) for right ears and 5.13 (SD = 3.22) for left ears. 
Participants’ ages ranged from 18 – 22 years old (M = 20.1, SD = 1.04).  
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Statistical Analysis8. A battery of statistical analyses were used to characterize the 
reliability of the data that have been used previously for examining MOCR reliability, 
including Pearson’s correlations between sessions (Marshall et al., 2014), Cronbach’s 
alpha (Goodman et al., 2013; Kumar et al., 2013; Mertes & Goodman, 2016; Mishra & 
Lutman, 2013; Stuart & Cobb, 2015; Wolpert et al., 2014), Bland-Altman plots (Mishra & 
Lutman, 2013; Stuart & Cobb, 2015), a repeated measures ANOVA (Kumar et al., 2013; 
Mishra & Lutman, 2013; Veuillet et al., 2001), and mixed effects models (Stuart & Cobb, 
2015). Prior to these analyses, Shapiro-Wilk tests of normality indicated normal 
distributions for suppression(dB) and suppression(%) in test each session. In this 
sample, suppression(dB) and suppression(%) are highly and significantly correlated (r = 
.796, p < .001). Analyses were carried out using both metrics and yielded comparable 
results; therefore, descriptive statistics results are reported in both metrics for ease of 
comparison with extant literature, but only analyses using suppression(dB) are reported. 
Based on Bhatt’s (2017) finding that noise exposure is related to suppression 
strength, exploratory analysis was carried out to determine if noise dose the day before 
testing may influence short-term fluctuations in suppression. All statistics were carried 
out using IBM SPSS Statistics 26. 
RESULTS. 
 
For all participants, contralateral stimulation resulted in decreased average 
TEOAE amplitudes at each session. Descriptives, Pearson correlations, Cronbach’s 
alpha, and Bland-Altman plots utilized participants’ means for each session in 
calculations. Across all test sessions, the mean suppression in dB was 2.18 dB (SD = 
                                            
8Assistance with statistical models in this chapter is credited to Shuang Yin of UConn's Statistical 
Consulting Services under the guidance of Dr. Timothy Moore. 
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1.03 dB) and mean normalized change from baseline (suppression(%)) was 22.7% (SD 
= 12.7%). Descriptives for each session are reported in Figure 3.1. 
 
Sessions 1 and 2 were planned to be separated by one week (Round A), sessions 3 
and 4 were to be within a week of each other (Round B), with session 5 at a later date 
(Round C). Time between rounds varied greatly due to individual scheduling and breaks 
in the academic year. 
Descriptive statistics 
regarding duration 
between sessions are 
provided in Table 3.1. 
                                            
9 One participant did not complete Sessions 1 and 2 within a week. Session 2 was scheduled to occur 
shortly before Winter Intersession, but a full week of dosimetry was not successfully collected due to 







       (dB) N Mean Median 
Std. 
Dev. Min. Max. 
S1 28 2.27 2.16 1.07 0.63 5.05 
S2 28 2.23 2.21 0.95 0.86 4.62 
S3 29 2.23 2.13 1.14 0.63 5.08 
S4 30 2.13 2.00 1.04 0.63 4.57 




         (%) N Mean Median 
Std. 
Dev. Min. Max. 
S1 28 21.6 19.8 10.8 7.43 53.1 
S2 28 21.8 18.6 11.5 7.54 58.8 
S3 29 24.3 19.9 14.4 8.05 70.6 
S4 30 23.9 19.9 14.6 7.83 63.2 
S5 29 21.8 19.3 12.2 5.65 62.0 
 
Figure 3.1 Boxplots of raw suppression in dB (Panel A) and normalized suppression (Panel B) by test session. 
Descriptive statistics for each test session are also provided (Panels C and D). 





 Interval Median (days) Minimum – Maximum 
S1 vs. S2 6.00 6.00 – 59.09 
S1 vs. S3 76.0 20.0 – 154 
S1 vs. S4 81.5 26.0 – 158 
S1 vs. S5 104 69.0 – 182 
S2 vs. S3 70.0 14.0 – 148 
S2 vs. S4 76.0 20.0 – 152 
S2 vs. S5 105 63.0 – 176 
S3 vs. S4 5.00 1.00 – 8.00 
S3 vs. S5 39.5 13.0 – 70.0 
S4 vs.S5 31.0 7.00 – 63.0  
Table 3.1 Days between test sessions. 
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Pearson Correlations Across Sessions. All test sessions were significantly correlated 
with each other, confirming relationships between suppression of TEOAEs across test 
sessions (Table 3.2). Correlation coefficients ranged from .864 to .928, which can be 
categorized as strong or very strong relationships (Schober, Boer, & Schwarte, 2018) 
and are comparable to the strong relationship (r = .89, p < .05) between wideband 
TEOAE suppression across two sessions reported by Marshall et al. (2014). 
  Session 1 Session 2 Session 3 Session 4 Session 5 
Session 1 1 .904 .928 .876 .891 
Session 2 .904 1 .882 .864 .895 
Session 3 .928 .882 1 .925 .928 
Session 4 .876 .864 .925 1 .925 
Session 5 .891 .895 .928 .925 1 
 
Cronbach’s α. Cronbach’s alpha is a coefficient of reliability that describes internal 
consistency among a set of items (Cronbach, 1951). Unlike Pearson’s correlation 
coefficient, Cronbach’s α is standardized by the average variance of a number of items 
(in this case, test sessions). Cronbach’s α can range from 0 to 1, where 0 represents 
poor reliability. A value of 0.70 is considered acceptable, whereas 0.90 or greater is 
preferable for clinical applications (Bland & Altman, 1997). Here, Cronbach’s α indicates 
excellent consistency between the five test sessions (α = .977). 
Bland-Altman Plots. Bland and Altman (1986) argued that correlations are 
inappropriate tools for evaluating agreement of two measures. A Pearson correlation 
coefficient, for example, indicates the strength of a relationship, but not agreement. 
Consider a study in which pre- and post-intervention testing is completed, and all 
patients improved on the outcome measure by an arbitrary value of 15 points. The pre- 
and post- measures would be highly correlated, but this does not reflect the difference 
between the two sets of measurements. Bland-Altman plots graphically depict the 
Table 3.2. Pearson 
correlation coefficients for 
relationships between 
TEOAE suppression in dB 
measured at different test 
sessions. All correlations 





distribution of differences between two measurement sets against their mean. On each 
plot are three reference lines, indicating the mean difference between sessions (“bias”) 
and the upper and lower 95% confidence interval of bias (mean difference ± 1.96*SD, 
“limits of agreement”). A researcher or clinician may set criteria for the limits of 
agreement depending on the intended application (i.e., whether the test-retest 
differences are small enough to consider acceptable for the intended use), but 
generally, a measure is considered repeatable or in good agreement if the mean test 
differences were 0 and 95% of the differences to be within the two standard deviations, 
or the limits of agreement. Additionally, Bland-Altman plots assist in visualizing 
proportional bias, which occurs when the distribution of differences varies as a function 
of the mean of two sessions.  
For the current study, Bland-Altman plots were constructed to examine 
agreement between each unique combination of 5 test sessions for a total of 10 plots. 
Each plot was accompanied by a t-test assessing whether the mean difference between 
the sessions was significantly different from 0 (essentially, a paired t-test between each 
session), as well as a linear regression model with difference between test sessions as 
the dependent variable and mean of the test sessions as the independent variable. This 
tests the hypothesis that the mean of two sessions significantly predicts the difference 
between two sessions, which would indicate proportional bias. 
Bland-Altman plots are shown for each unique combination of test sessions 
(Figure 3.2). The average difference (bias) between the test sessions ranged from -0.10 
to 0.26 dB across combinations of sessions. There was statistically significant bias 
between sessions 1 and 2, sessions 1 and 4, and sessions 1 and 5 (Table 3.3). Linear 
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regression models confirmed that the mean of two sessions did not significantly predict 
distribution of differences between those sessions for all plots. In other words, no 
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Figure 3.2 Bland-Altman plots of TEOAE suppression(dB). The dashed gray lines represent bias (mean difference 
between two test sessions10) and the solid gray lines represent the limits of agreement (± 2 SD). 
                                            
10The mean differences calculated for the Bland-Altman plots are averaged across positive and negative 
values that are indicative of the direction of change between sessions in an individual, but are therefore 
not indicative of the mean magnitude of differences between sessions when averaged. The absolute 
values of differences between sessions are plotted as a histogram in Figure 3.3B. 
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Interval of the 
Difference 
Lower Upper 
S1 vs. S2 2.59 25 *.016 0.22 0.05 0.40 
S1 vs. S3 1.99 26 .057 0.16 0.00 0.33 
S1 vs. S4 2.39 27 *.024 0.24 0.03 0.44 
S1 vs. S5 2.78 26 *.010 0.26 0.07 0.45 
S2 vs. S3 -1.06 26 .301 -0.10 -0.31 0.10 
S2 vs. S4 0.23 27 .818 0.02 -0.18 0.23 
S2 vs. S5 0.31 26 .760 0.03 -0.15 0.20 
S3 vs. S4 0.91 28 .373 0.07 -0.09 0.24 
S3 vs. S5 1.49 27 .147 0.12 -0.04 0.28 
S4 vs.S5 0.57 28 .571 0.04 -0.11 0.19 
Table 3.3. Tests for Bias: One sample t-tests comparing the mean difference in suppression(dB) between sessions 
against a test value of 0. A significant difference from 0 indicates statistically significant bias. Bias significant at the 
.05 level is marked with “*”). 
Statistical Models. A series of statistical models were used to further explore the 
effects of session and between-subject differences on suppression. Participants’ trials, 
rather than mean of trials for each session, were used in analysis. Please see Appendix 
B for tables. 
First, a linear regression model (Model 1) with session as a fixed variable 
showed that session is not a significant predictor of suppression (Adjusted R2 = 0.0004; 
F(4, 569) = 0.942, p = 0.439).  An intraclass correlation coefficient of 0.84 using the 
variance components from this model also confirms good absolute agreement between 
individuals’ sessions. Next, a mixed effects model was run. Mixed models are becoming 
more widely used in similar science fields, such as medicine, biology, and psychology, 
because of several statistical advantages; with fewer stringent requirements for use, it is 
more flexible and accurate than traditional analysis of variance (Boisgontier & Cheval, 
2016). They allow fixed and random effects, such that fixed effects are parameters that 
do not vary and random effects are parameters that are themselves random such as the 
assignment of an ID to a participant. In Model 2A, session was set as a fixed effect 
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predictor and ID was set as random effect to allow for between-subject differences. 
Model 2A indicates that Session 1 is significantly different than Sessions 2 through 5. 
Model 2A also suggests that individual difference explains variance in suppression, as 
suggested by a strong effect of ID. The outcomes of model 2A motivated Model 2B, 
where Session 1 was removed to determine if Sessions 2 through 5 were statistically 
similar. Again, when session is entered as a fixed effect and ID as random effect, there 
was no significant difference between Sessions 2 through 5. Still, variance was 
predominantly explained by differences between individuals. The difference between 
Session 1 and remaining sessions is further addressed in the Discussion. 
Within-Subject Reliability. 
While contralateral suppression of TEOAE was overall stable at the group level, 
this does not necessarily confirm reliability within each individual. For comparison with 
Killan et al. (2017), reliability of suppression was investigated at the individual level. 
Table 3.4 provides descriptive statistics for individual’s mean suppression, standard 
deviation, and range across sessions. There was not a relationship between mean 
suppression across sessions and standard deviation across sessions (r = .290, p = .12). 
Figure 3.3A shows individual subject data across test sessions to visualize within-
subject variability. Figure 3.3B shows a histogram of the absolute differences in 
suppression found between each combination of test sessions, for each individual (n = 
278 between session differences; in cases where a test session was missing for an 
individual, the difference could not be calculated and is consequently no reported in the 
histogram). On the individual level, the mean between-session difference was 0.37 dB, 
with 45.0% of differences below 0.25 dB, 70.1% below 0.50 dB, and 93.2% below 1.00 
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dB, indicating that the majority of within-subject test-retest differences are within 1.00 
dB. This is similar to Killan et al. (2017)’s findings, in which the majority of between-
session individual differences were below 1.00 dB, with a maximum of 1.8 dB. Referring 
to Table 3.4, only 5 of the 30 participants demonstrated maximum between session 
differences greater than 1.00 dB, with the greatest differences being 1.32 dB, smaller  
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ID Mean (dB) SD (dB) Range (dB) 
22 0.74 0.23 0.52 
16 0.83 0.29 0.70 
15 0.92 0.32 0.68 
10 0.95 0.20 0.48 
21 1.06 0.09 0.22 
25 1.09 0.17 0.46 
13 1.35 0.28 0.73 
36 1.45 0.39 1.06 
28 1.55 0.13 0.30 
2 1.66 0.43 0.95 
1 1.77 0.55 1.27 
37 1.80 0.39 0.88 
11 1.87 0.19 0.47 
20 1.90 0.19 0.45 
32 2.00 0.11 0.27 
14 2.04 0.44 1.23 
3 2.06 0.43 0.97 
5 2.34 0.57 1.27 
27 2.38 0.11 0.25 
26 2.49 0.34 0.78 
24 2.59 0.19 0.53 
18 2.59 0.29 0.74 
4 2.81 0.22 0.54 
19 2.94 0.36 0.94 
6 3.07 0.41 0.83 
31 3.20 0.27 0.66 
23 3.45 0.19 0.42 
8 3.55 0.42 0.99 
33 4.36 0.66 1.32 
17 4.66 0.25 0.65 
Table 3.4 Mean, standard deviation, and range of 
mean suppression at each participant’s test 
sessions, sorted from least to greatest mean 
suppression across sessions. 
Figure 3.3 A) Individual participants' mean suppression at 
each test session. B) Absolute differences between each 
combination of sessions were found per individual. 93.1% of 




Overall, the majority of the analyses indicate contralateral suppression of chirp-
evoked OAEs to be stable over time spanning from 1 days to 182 days (26 weeks). This 
study entailed a greater number of sessions and a larger battery of statistical analyses 
than previous studies on test-retest reliability of suppression of TEOAEs. Like previous 
studies, analysis at the group level demonstrated strong relationships and agreement 
between test sessions (Mishra & Lutman, 2013; Stuart & Cobb, 2015). However, Bland-
Atman plots and their accompanying statistics, as well as a mixed effects model with 
session as a fixed variable and ID as random effects (Model 2A), revealed Session 1 
TEOAE suppression to be significantly different from other sessions once individual 
differences were accounted for in the model. Referring to Figure 3.1 Panels A and C, 
Session 1 nominally has the greatest OAE suppression, but it is a very small effect at 
the group level that is not detected using visual or more conventional statistical 
methods, such as correlation coefficients. Nevertheless, this finding prompted 
exploration.  
By design, Session 1 was unique from other sessions in that it was preceded by 
a 24-hour quiet period, where participants were asked to limit their auditory activities to 
achieve ≤20% noise dose in order to obtain a baseline audiogram that was not 
contaminated by a temporary threshold shift due to recent noise exposure (instructions 
in Appendix A). For some participants, they could pass the quiet period requirement 
with little change in their typical activities, but for others, it involved refraining from 
routine activities such as playing music or large social gatherings. Participants’ noise 
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doses during the quiet period ranged from 0% to 23.0%11, with a group median of 
3.26%. By contrast, noise doses the day before Session 2, which occurred at the end of 
the week that began with Session 1, ranged from 0.14% to 164%, with a group median 
of 14.0%; this pre-Session 2 dose did not correlate with the quiet period dose preceding 
Session 1 (rho = .193, p = .325). This lack of correlation suggests that some participants 
did indeed have to limit their typical auditory exposure in order to pass the quiet period, 
assuming that the day before Session 2 was more representative of their typical 
behaviors than the quiet period and it also raises the possibility that increased levels of 
suppression in Session 1 is a consequence of reduced auditory stimulation in the day 
before Session 1. This possibility motivated the exploratory analyses reported below to 
determine whether the difference in OAE suppression between Sessions 1 and 2 was 
influenced by difference in short-term noise exposure.  
Noise Exposure from Day Before Test Session. If differences in noise dose the day 
before testing underlay fluctuations in suppression, then participants with quiet days 
before both Sessions 1 and 2 would likely show similar suppression between the 
sessions, while those with quiet periods before Session 1 and louder days before 
Session 2 would show a greater difference in suppression between the sessions. To 
explore this possibility, participants were grouped depending on whether their noise 
dose the day before Session 2 was “low” (less than 20%, similar to the quiet period 
before Session 1, n = 16), or “high.” Because only 1 participant had a day dose >100% 
on the day before Session 2, the criteria for “high” was defined more liberally at 50%. 
This, too, however, yielded only a small group (n = 4). The high pre-Session 2 noise 
                                            
11 An exception was made for one participant, whose noise dose during the quiet period slightly exceeded 
the criteria due to a sudden fire alarm. 
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dose group appears to have a larger median difference in OAE suppression between 
Sessions 1 and 2, as hypothesized (Table 3.5), but the ranges are very similar. 
While group medians could not be statistically compared to the small disparity in group 
sizes, the distribution of suppression change was nearly overlapping for the groups (U = 
42.0, p = .385).  
 
Additionally, in an analysis that included 
the full dataset, differences in noise dose 
between Sessions 1 and 2 were not related to 
differences in OAE suppression between 
Sessions 1 and 2 (rho = .036, p = .862; Figure 
3.4); thus, greater levels of OAE suppression in 
Session 1 compared to Session 2 does not seem 
to map onto greater changes in pre-test sound 
exposure.  
Confirming this, noise dose the day before each of the five sessions was added 
into the mixed effects models as another fixed effects predictor. For all five sessions, 
dosimeter data is available for the day immediately before the MOCR test session. 
However, due to scheduling variability, there were not always full 24-hour days prior to 
each test session for every participant. To account for this, missing values were imputed 
 Pre-Session 1 Noise Dose  “Low” (≤20%) 
Pre-Session 2 Noise Dose 
“High” (≥50%) 
Pre-Session 1 Noise Dose 3.26% ( 0.00 – 15.4%) 6.16% (0.00 – 23.0%) 
Pre-Session 2 Noise Dose 10.3% (0.14 – 19.8%) 75.0% (51.4 – 164%) 
Difference in Suppression 
between Sessions 1 & 2 0.06 dB (-0.26 – 1.23 dB) 0.52 dB (-0.18 – 1.23 dB) 
Table 3.5 Group descriptives of noise dose and difference in Session 1 & Session 2 TEOAE suppression. Cells 
display Median (Min. – Max.). 
 
Figure 3.4 Differences between individuals' 
noise doses the day before Session 1 & 2 are 
plotted againt differences between Session 1 
& 2 OAE suppression. 
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using a K nearest neighbors’ algorithm. Model 3A includes all sessions and daylong 
noise as fixed effects and ID as a random effect, and it yields the same conclusion as 
Model 2A. Sessions 2 through 5 are significantly different than Session 1, differences 
between individuals explain most of the variation in suppression, and the previous day’s 
noise dose is not a significant predictor of suppression. Like Model 2B, Model 3B was 
run without Session 1, but with daylong noise dose added. This model again shows that 
differences between individuals dominates the variance in suppression; sessions and 
daylong noise dose do not predict suppression. 
From these exploratory analyses, it is clear that noise exposure the day prior to 
testing is an unlikely explanation for what is driving changes in OAE suppression. A 
major limitation to investigating this question in the present sample is that participants 
generally did not have large differences in their daylong noise doses before sessions 1 
and 2. Only 4 of 28 participants with data for Session 2 had noise doses greater than 
50% of the acceptable 100%, so it is possible that there was not enough within-subject 
variability to elucidate a relationship. A relationship in which reduced auditory 
stimulation before Session 1 explained increased level of suppression in Session 1 
would be inconsistent with the sound conditioning hypothesis, in which repeated 
exposure to moderate noise levels enhances suppression. 
Another potential explanation for the difference between OAE suppression at 
Session 1 and other session is Session 1’s position as the first test session. The 
possibility is that Session 1 may reflect measurement errors, as both testers and 
participants were becoming more familiar with the test, cannot be ruled out.  
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Averaged across participants, differences between Session 1 and Sessions 2, 3, 
4, and 5 range from 0.34 to 0.44 dB. These differences are very small, which is in line 
with the hypothesis that small fluctuations in MOCR strength could reflect physiologic 
changes due to day-to-day differences in environment. In fact, de Boer and Thorton 
(2008) also report small changes in OAE suppression (0.63 – 0.78 dB suppression) 
after 4 to 5 days of phoneme-in-noise training, suggesting that differences in OAE 
suppression of this magnitude may indeed reflect a physiologic change over time. 
Making the results difficult to interpret is that these differences are within the test-retest 
ranges described by other studies (Killan et al., 2017; Mishra & Lutman, 2013; Stuart & 
Cobb, 2015), which are generally 1.00 dB to 2.00 dB. While it is unclear whether the 
difference between Session 1 and other sessions is meaningful, current analyses 
indicate that short-term noise exposure is unlikely to explain variation in suppression 
between test sessions. A future study could better investigate whether short-term 
changes in noise exposure impact MOCR strength by putting the quiet period in a later 
session, or by randomly assigning participants to undergo quiet periods before different 
sessions. Future work may also continue exploring the several experience-dependent 
factors that might modulate MOCR strength, including auditory training tasks such as 
musical training.  
CONCLUSION. 
 
Contralateral suppression of chirp-evoked OAEs was generally stable over time 
at the group and individual level. This study included 5 test sessions spanning a greater 
length of time than previous studies, utilized an extensive battery of statistical analyses 
to examine reliability, and explored participants’ recent noise exposure as a potential 
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explanation for small changes in suppression between sessions. Noise exposure the 
day before each test session did not significantly explain variation in suppression. 
Future work should continue to explore factors that may change an individual’s MOCR 




IV. The Benefits and Hazards of Musical Training on Efferent Control 
of Cochlear Gain. 
 
Musical training can affect the auditory system in complex and potentially 
opposing ways. Musicians have shown enhanced auditory skills, such as frequency 
discrimination and temporal resolution, through robust responses on objective tests of 
afferent subcortical auditory function compared to those without musical training or as a 
function of years of musical training (Barrett, Ashley, Strait, & Kraus, 2013; Musacchia, 
Sams, Skoe, & Kraus, 2007; Wong, Skoe, Russo, Dees, & Kraus, 2007). While musical 
training may induce beneficial plasticity in the auditory system, musicians are also a 
population that is at increased risk for noise-induced hearing loss (NIHL) due to noise 
exposure inherent to their art. Studies on noise levels experienced during individual and 
ensemble activities by musicians of various ages and skill levels confirm that some 
musicians are frequently exposed to noise levels traditionally been considered 
dangerous. A variety of factors such as musical instrument, composition of music 
ensembles, and time spent practicing, rehearsing, and performing musical activities, 
lead to inconsistent reports of noise levels and prevalence of NIHL in this population, 
though the majority conclude musicians are indeed at risk (Holland III, 2008; Jin, 
Nelson, Schlauch, & Carney, 2013; McBride et al., 1992; Miller, Stewart, & Lehman, 
2007; Phillips, Henrich, & Mace, 2010; Pouryaghoub, Mehrdad, & Pourhosein, 2017; 
Rodrigues, Freitas, Neves, & Silva, 2014; Russo, Behar, Chasin, & Mosher, 2013; 
Schink, Kreutz, Busch, Pigeot, & Ahrens, 2014; Toppila, Koskinen, & Pyykko, 2010). In 
these and other prevalence studies, damage to the cochlea’s outer hair cells 
manifesting as NIHL is characterized by pure-tone audiometric thresholds, though 
specific audiologic criteria varies across studies. However, a greater appreciation of the 
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ramifications of noise exposure without overt hair cell loss or permanent threshold shifts 
has developed in the past decade. Noise-induced damage, such as deterioration of 
afferent auditory nerve synapses (cochlear synaptopathy), can precede changes that 
are evident on the audiogram or otoacoustic emissions because the degeneration is 
selective for high threshold auditory nerve fibers that are not required for hearing in 
quiet (i.e., detection), but are essential for suprathreshold perception, such as hearing in 
noisy environments (Kujawa & Liberman, 2015). Therefore, “subclinical” or “hidden” 
auditory damage may exist in musicians even when audiometric thresholds appear 
within normal limits and good outer hair cell function is indicated by normal otoacoustic 
emission amplitudes (Kikidis et al., 2019). As such, musicians are a prime model of a 
population who both benefits from routine exposure to sound in a training capacity, but 
is also at risk for noise-induced damage. These opposing consequences of musical 
training may interact to obscure each other. For example, Skoe, Camera, and Tufts 
(2019) found that noise exposure suppresses the positive relationship found in several 
studies between musical training and speech understanding in noise, providing one 
explanation for the mixed results in the literature investigating a “musician advantage in 
noise.” The mechanisms by which noise exposure and musical training interact are not 
fully understood, and study of afferent auditory function does not give the full picture. 
MUSICAL TRAINING, NOISE EXPOSURE, AND MOCR. 
The auditory system is composed of a complex network of ascending and 
descending pathways by which efferent feedback exerts influence on the afferent 
transmission of auditory stimuli; thus, efferent function must also be considered. A line 
of research examining the effects of musical training on the efferent system has 
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generally found that musicians have enhanced medial olivocochlear function (for a 
review of the literature on medial olivocochlear function in musicians, please see Perrot 
and Collet (2014)). The medial olivocochlear bundle originates in the superior olivary 
complex and descends the brainstem to synapse on the outer hair cells (OHCs), 
thereby modifying gain provided by the cochlear amplifier (Guinan, 2006). This 
reduction in gain is referred to as the medial olivocochlear reflex (MOCR), and its 
strength can be inferred in humans by measuring suppression of otoacoustic emissions 
when an additional acoustic stimulus is presented (Collet, 1993; Giraud, Collet, Chery-
Croze, Magnan, & Chays, 1995; Veuillet et al., 1991). As researchers began measuring 
MOCR strength via suppression of otoacoustic emissions in humans in the 1990s, one 
line of work emerged that has provides evidence of stronger MOC function in clinically 
normal hearing musicians than in non-musicians (Bidelman et al., 2017; Brashears et 
al., 2003; Bulut et al., 2019; Micheyl et al., 1997; Perrot et al., 1999). These results, 
along with findings that weakened MOC function predicts acoustic trauma in animal 
models, (Attanasio et al., 1999; Boero et al., 2018; Maison & Liberman, 2000; Maison et 
al., 2013; Zheng, Henderson, Hu, et al., 1997) suggest that musicians have “tougher” 
ears, or are less vulnerable to noise-induced damage. 
There are multiple theories as to how musical training may act upon the efferent 
system. Perrot and Collet (2014) outline 3 hypotheses to explain the enhanced 
suppression of OAEs found in musicians: 1) top-down strengthening of cortico-
olivocochlear pathways, 2) bottom-up sound conditioning of the periphery, and 3) 
artifact from middle ear muscle reflex (MEMR). Brashears et al. (2003) found musicians 
had higher MEMR thresholds than non-musicians and argue that it therefore cannot 
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account for the difference in suppression; it is less likely that MEMR would be 
inadvertently activated in musicians. Ruling this out, two mechanisms remain, which 
may be at work concurrently. The top-down hypothesis is supported by in part by 
research on the effects of attention (de Boer & Thornton, 2007; Garinis et al., 2011; 
Giard et al., 2000; Meric & Collet, 1994) and training-induced plasticity on MOCR (de 
Boer & Thornton, 2008; Veuillet et al., 2007). de Boer and Thornton (2008) reported that 
significant improvement on a speech-in-noise task after 5 days of auditory training was 
associated with increased MOCR strength post-training, and Veuillet et al. (2007) found 
that children with dyslexia whose reading scores improved after audiovisual training 
focused on voicing contrasts also showed changes in MOC lateralization after training 
that became more comparable to average readers. These studies are taken as 
evidence that the MOC system is under descending control of the cortex. The 
conditioning hypothesis is based upon animal literature implicating sound conditioning, 
or repeated exposure to moderate noise levels (~80 – 85 dB SPL), as a way to 
strengthen the MOC pathway and therefore bolster protection from acoustic trauma 
(Brown et al., 1998; Kujawa & Liberman, 1997, 1999; Zheng, Henderson, McFadden, et 
al., 1997). Under this hypothesis, musicians may have enhanced MOC function due to 
chronic sound conditioning via the routine exposure to sound associated with their 
routine musical practice and performance (Brashears et al., 2003).  
An alternate view to the conditioning hypothesis is that regular exposure to noise 
may damage the auditory system, leading to weaker efferent function by virtue of 
reduced afferent function either at a subclinical or clinically-significant level. While 
musicians are a prime model of a population at risk for noise-induced damage and have 
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been the subject of investigations on subclinical hearing loss (Kikidis et al., 2019; 
Liberman et al., 2016; Yeend et al., 2017), the impact of noise exposure on their 
efferent function has not been addressed.  
While many studies investigate the effects of MOC strength on protection from 
subclinical and clinically-significant damage both in animal models (Attanasio et al., 
1999; Liberman, 1991; Maison & Liberman, 2000; Maison et al., 2013; May, Lauer, & 
Roos, 2011; Zheng, Henderson, Hu, et al., 1997) and humans (Keppler et al., 2014; 
Otsuka et al., 2016; Wagner et al., 2005; Wolpert et al., 2014), literature explicitly 
exploring how noise exposure may influence MOC strength in humans is sparse. Bhatt 
(2017) hypothesized that greater noise exposure would lead to “reduced afferent input 
to the MOCR circuit which would subsequently lead to reduced strength of the MOCR.” 
Contrary to prediction, reduced afferent input as a function of noise exposure was not 
found via click-evoked OAE amplitudes in this sample of normal hearing, non-musician, 
young adults; instead, greater noise exposure as estimated by the Noise Exposure 
Questionnaire (NEQ) was related to stronger MOCRs as indexed by contralateral 
suppression of CEOAEs. This finding seems to support the “conditioning effect”, and 
implies that sound exposure, whether through musical activities or other sources, may 
serve to strengthen MOC function.  
Maintaining Bhatt’s initial prediction, noise exposure could affect afferent integrity 
subclinically, without being evident in audiometric thresholds or OAE amplitudes. 
Therefore, the possibility remains that noise exposure may have a “compromising 
effect” on MOCR function. Sliwinska-Kowalska and Kotylo (2002) compared 
contralateral suppression of OAEs in a group of noise-exposed metal factory workers 
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with normal audiometric thresholds 250 – 8000 Hz and a non-exposed control group. 
They found that TEOAE and DPOAE amplitudes in the noise-exposed group tended to 
be lower than the control group, and that suppression of both TEOAEs and DPOAEs 
was reduced in the noise-exposed group. This confirms that noise exposure inducing 
damage to outer hair cells, though not detectable by not standard audiometry, can lead 
to reduced MOC suppression. Studies in animal models support that permanent noise-
induced OHC damage is accompanied by degeneration of efferent MOC terminals, 
visible using immunocytochemistry and confocal microscopy methods (Canlon, 
Fransson, & Viberg, 1999; Omata, Omata, Wilhelms, & Schatzle, 1992). A study by 
Boero et al. (2018) suggests that noise exposure even at moderate levels that do not 
permanently damage outer hair cells can compromise MOC function. When activated, 
MOC neurons inhibit outer hair cell gain by releasing acetylcholine (ACh) on α9α10 ACh 
receptors at the base of the hair cells. Boero et al. (2018) exposed three groups of mice 
to a cochlear synaptopathy-inducing noise protocol (1 – 16 kHz at 100 dB SPL for 1 
hour) known to cause temporary threshold shift, loss of afferent synapses, and 
decreased ABR Wave I amplitudes. One group of mice was genetically unmodified 
(“wild-type”), while the remaining two groups were bred with point mutations for 
enhanced and reduced α9α10 ACh receptor activity (“knock-in” and “knock-out”), 
thereby modeling enhanced and reduced MOC function. After noise exposure, the 
knock-out mice showed permanent threshold elevations, outer hair cell, and synaptic 
damage. The wild-type mice showed synaptopathy, as expected, and the knock-in mice 
were resistant to noise damage. In addition to supporting existing reports that the MOC 
system predicts vulnerability to noise damage, even from non-PTS inducing exposures, 
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and is essential to maintaining normal function in light of everyday sounds (Liberman et 
al., 2014; Maison et al., 2013), Boero et al. found reduced numbers of efferent contacts 
to the OHCs in wild-type mice. If translatable to humans, this implies that MOC efferent 
synapses may be compromised even before OHC function is permanently altered. 
Thus, noise exposure may have a negative effect on MOC function in musicians who 
appear to have not only normal audiograms, but also normal cochlear function.  
Just as Skoe et al. (2019) demonstrated how noise exposure undermines the 
musician advantage for understanding speech in the presence of background noise, I 
hypothesize that if noise exposure compromises MOC function in humans, it may 
similarly influence the relationship between musical training and MOCR strength and 
elucidate a possible reason that some studies have not found enhanced MOCRs with 
musical training. For example, Stuart and Daughtrey (2016) did not find a correlation 
between TEOAE suppression and musicianship when musical skill scores were treated 
as a continuous variable, nor was there a difference in TEOAE suppression at a group 
level between self-reported musicians and non-musicians. While Bidelman et al. (2017) 
reported a group difference in DPOAE suppression, they also did not find a relationship 
between years of musical training and contralateral suppression of DPOAEs. 
The purpose of the current study is to test two competing theoretical models of 
how noise exposure mediates the relationship between musical training and MOCR 
strength (Figure 4.1). These models are tested in a sample of college students with 
varying musical experience. Both models assume a positive relationship between music 
training and noise exposure (McBride et al., 1992; Miller et al., 2007; Rodrigues et al., 
2014; Tufts & Skoe, 2018), as well as a positive relationship between musical training 
  
 63 
and MOCR strength indexed by OAE suppression (Bidelman et al., 2017; Brashears et 
al., 2003; Bulut et al., 2019; Micheyl et al., 1997; Perrot et al., 1999), but they make 
opposite predictions for the relationship between noise exposure and MOCR strength. 
The “noise conditioning” model posits a positive relationship between noise exposure 
and MOCR strength, supported by Bhatt (2017). The “noise compromising” model 
posits a negative relationship between noise exposure and MOCR strength, supported 
by Sliwinska-Kowalska and Kotylo (2002). 
SPECIFIC METHODS (see Part 1, General Methods). 
Participants. The present analysis includes 45 participants (30 female) who met study 
eligibility criteria including audiometric thresholds (250 – 8000Hz) ≤ 20 dB HL, absent 
MEMRs at 60 dB HL, and four trials of contralateral suppression of TEOAE 
measurements in Session 4. The average age of participants was 20.3 years (SD = 
1.18). This sample encompasses a variety of noise exposure and musical training 
histories. 
Statistical Analysis. Statistical analysis was completed using IBM SPSS Statistics 26. 
Given that suppression(dB) was not related to baseline OAE in this sample (rho = .045, 
p = .768), normalizing suppression to participants’ OAEs created an index that was both 





















Figure 4.1 A) Noise Conditioning Model; noise exposure has a sound conditioning effect and enhances MOC 
strength. B) Noise Compromising Model; noise exposure has a detrimental effect and undermines the benefit of 
musical training on MOC strength. 
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effect (rho = .668, p < .001). Descriptive statistics for both suppression(dB) and 
suppression(%) are provided, but further analyses are carried out solely with the dB 
metric because the raw dB effect is not confounded by OAE strength and both indices 
yield similar results. Spearman correlations were performed to examine relationships 
involving noise dose and years of musical training because these variables did not meet 
the Shapiro-Wilk test for normality (Weeklong Noise Dose: 0.607, 45, p < .001; Yearlong 
Noise Dose: 0.722, 45, p < .001; Years of Musical Training: 0.869, 45, p < .001). Noise 
dose values were log-transformed for use in a linear regression, used to investigate the 
influence of multiple factors on suppression of TEOAEs. Lastly, participants were 
categorized as “musicians” or “non-musicians” based upon the criteria specified by 
Bidelman et al. (2017) for group comparison. 
RESULTS. 
 
Participant Characteristics. Participants’ musical training ranged from 0 to 19 years 
(Mdn = 9.00 years), with 15 individuals reporting no musical training (Figure 4.2A). Of 
the 30 with musical training, 22 were currently involved in musical ensembles at the 
time of the study, and 17 were music majors. Weeklong noise doses ranged from 0.51% 
to 1582% (Mdn = 60.5%) and yearlong noise doses ranged from 3.15% to 388% (Mdn = 
49.9%) (Figure 4.2, B – C). All TEOAE recordings in both quiet and noise trials had 
robust signal-to-noise ratios (SNRs) greater than 6 dB (M = 10.3 dB, SD = 3.17 dB). 
The mean TEOAE amplitude was 9.73 dB SPL in CAS-off conditions (SD = 3.73 dB 
SPL) and 7.64 dB SPL with CAS-on (SD = 3.84 dB SPL) (Figure 4.3A). Thus, mean 
suppression(dB) was 2.09 dB (SD = 0.91 dB), while suppression(%) ranged from 7% to 
89% with a median of 21.4% (Figure 4.3 B – C). Because of the imbalanced proportion 
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of males and females in the study, suppression was compared between the sexes. 
Males demonstrated greater suppression (suppression(dB): t(43) = -3.82, p < .001; 
suppression(%): t(43) = -3.10, p = .006), as has been occasionally reported in previous 
literature (Durante & Carvallo, 2006; Zamiri Abdollahi, 2011).  
 
A  B   C   
Figure 4.2 Boxplots displaying noise exposure and musical training descriptives; A) years of musical training 
reported, B) weeklong noise doses, and C) yearlong noise doses. The top line of the bar represents the 75th 
percentile, middle line represents 50th percentile (median), and lower bar represents 25th percentile. Outliers 
>1.5*IQR (interquartile range) are marked as unfilled points, extreme outliers > 3*IQR are marked with an asterisk. A 
dashed reference line representing 100% noise dose is plotted in panels B and C.  
 
 
A B  C  
Figure 4.3. Boxplots displaying TEOAE descriptives; A) group mean TEOAE amplitude versus group mean TEOAE 
amplitude with CAS noise on (the difference equals the group mean suppression in dB), B) suppression of TEOAE 




Correlations with Afferent Function. Spearman correlations were utilized to examine 
relationships between musical training and noise exposure on OAE amplitudes (CAS-
off) and pure tone audiometric thresholds (0.25, 0.5, 1, 2, 3, 4, 6, and 8kHz) to 
determine whether these factors impacted outer hair cell function in the current sample 
of participants. All participants had pure tone thresholds ≤ 20 dB HL. Weeklong noise 
dose showed a weak positive relationship with pure tone averages, suggesting a 
possible subtle, compromising effect on afferent function, but a relationship between 
noise dose and OAE strength did not emerge. Years of musical training was positively 
related to measurements of TEOAE strength, indicating that musicians tended to have 
stronger OAEs than non-musicians (Table 4.1). 
Correlations with Efferent Function. Spearman correlations were utilized to examine 
relationships between the variables of interest (Figure 4.4). Though years of musical 
training and weeklong noise dose nearly yielded a significant correlation (weeklong 
noise dose: rho = .284, p = .058; yearlong noise dose: rho = .172, p = .257), years of 
musical training was not correlated with suppression(dB) (rho = .071, p = .645), nor was 
noise exposure correlated with suppression(dB) (weeklong noise dose: rho = .053, p = 
.727; yearlong noise dose: rho = .061, p = .691). A lack of correlation can occur when 
two variables act in opposing direction, motivating the use of a regression model.  







Years of Musical Training .316* .299* .083 .110 
Weeklong Noise Dose .055 -.031 .390* .309* 
Yearlong Noise Dose -.076 -.046 .087 .012 
Table 4.1 Spearman correlation coefficients between measures of afferent function and measures of musical 
training and noise exposure. 








B  C  
D  E 
Figure 4.4 Bivariate scatterplots with lines of best fit to illustrate relationships between A) musical training and 
suppression, B) weeklong noise dose and suppression, C) yearlong noise dose and suppression, D) musical training 
and weeklong noise dose, and E) musical training and yearlong noise dose. Spearman correlation coefficients (rho) 
and p-values are provided for each plot. 
Linear Regression Model. Regression analysis was used to analyze the relationships 
of weeklong noise dose and years of musical experience on suppression(dB) while 
controlling for the other predictors. Sex was also included in the model to due to 
difference in suppression found between males and females in this study. The results of 
the regression indicated the three predictors explained 31.8% of the variance in 
suppression(dB) (R2 = .318, F(3, 41) = 6.38, p = .001). With sex and weeklong noise 
dose held constant, years of musical training showed a nearly significant, positive 
relationship with suppression(dB) (β = .042, p = .056). In this model, weeklong noise 
dose had a negative effect on suppression(dB), though it did not reach significance (β = 
-.179, p = .307). 
rho = .284, p = .058 
rho = .071 , p = .645 
rho = .053, p = .727 
rho = .172, p = .257  
rho = .061, p = .691  
rho = , p =  
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Group Comparison. Bidelman et al. (2017) classified 
young adults with 3 or fewer years of musical training 
as “non-musicians” or greater than 9 years of training 
as “musicians.” When participants from the current 
study are grouped according to these criteria, 18 are 
considered “non-musicians,” 25 are “musicians,” and 
2 with 4 – 8 years of training are excluded. There is 
not a significant group difference in suppression(dB) 
(t(41) = -0.336, p = .739), and both musicians and non-
musicians display significant suppression through paired-sample t-tests comparing 
CAS-off and CAS-on conditions (musicians: t(24) = 11.929, p < .001; non-musicians: 
t(17) = 8.554, p < .001; Figure 4.5). 
Examining just the musician group, there is not a significant relationship between 
years of musical training and suppression (rho = .527, p = .527). There is also not a 
significant association between suppression and noise dose estimated from the week 
before testing (rho = -.104, p = .612) or year before testing (rho = -.098, p = .642). 
Entered into a regression model, sex, weeklong noise dose, and years of musical 
experience did not significantly explain variance in musicians’ suppression(dB) (R2 = 
.083, F(3, 21) = .637, p = .599), and there was not a significant relationship between 
suppression(dB) and any of the predictors while other variables were controlled for. 
DISCUSSION. 
 
This study sought to determine the impact of noise exposure on the relationship 
between musical training and MOCR strength with hypotheses described by two 
Figure 4.5 TEOAE amplitudes in the 
musician and non-musician groups in 
the quiet (CAS-off) and noise (CAS-on) 
conditions. Addition of CAS caused 
significant TEOAE suppression 





theoretical models- the “noise conditioning” model, in which a positive relationship 
between noise exposure and MOCR strength was predicted, and “noise 
compromising” model, which predicted a negative correlation between noise exposure 
and MOCR strength. These drew on the majority literature supporting that 1) there is a 
positive relationship between noise exposure and musicianship (McBride et al., 1992; 
Miller et al., 2007; Rodrigues et al., 2014; Tufts & Skoe, 2018), and 2) musicians have 
greater MOCR strength indexed by OAE suppression (Bidelman et al., 2017; Brashears 
et al., 2003; Bulut et al., 2019; Micheyl et al., 1997; Perrot et al., 1999). Musical training 
and weeklong noise dose were nearly significantly related. Musical training and 
suppression(dB) did not appear correlated, but a nearly significant relationship was 
revealed upon controlling for weeklong noise dose and sex (β = .042, p = .056). This 
relationship was not evident in a model with solely sex entered (β = .033, p = .099), 
suggesting that noise’s compromising impact contributes to obscuring the effect of 
musical training on suppression. 
There are several possible reasons why direct significant relationships between 
musical training, noise exposure, and suppression were not indicated in this sample. 
Limitations of the assumptions made in the noise conditioning and noise compromising 
theoretical models are discussed in detail below. 
Musical Training and MOCR. Previous studies have reported that musicians have 
stronger medial olivocochlear efferent function without explicitly controlling for noise 
exposure, but the evidence for a musician MOCR enhancement is inconsistent when 
closely inspected. Different groups have used different methods to evoke and 
characterize suppression, and a musician enhancement is not found ubiquitously across 
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test parameters and analysis methods. Micheyl et al. (1995), Micheyl et al. (1997), and 
Perrot et al. (1999) used the contralateral suppression method developed by Collet et 
al. (1990) and described suppression using a stimulus-equivalent attenuation index12. In 
their 1995 study, group stimulus-equivalent attenuation means at each stimulation level 
were compared to find significant differences between musicians and non-musicians at 
two of the five tested levels. In the 1997 study, they found a group difference in 
stimulus-equivalent attenuation averaged across stimulation levels. Additionally, EOAE 
growth functions with and without CAS conditions were computed. Within-group 
comparisons of y-intercepts and slopes showed no significant effect of CAS on either 
metric in the non-musician group, but significant differences between the conditions 
were present in the musician group. While the previous studies tested right ears only, 
the group difference in stimulus-equivalent attenuation was confirmed bilateral by Perrot 
et al. (1999). Altogether, this group’s methodology and analysis methods (comparing 
stimulus-equivalent attenuation and growth function metrics) provide compelling 
evidence.  
Rather than the contralateral suppression method developed by Collet et al. 
(1990), Brashears et al. (2003) used a forward masking paradigm to measure binaural 
TEOAE suppression effects with CAS presented bilaterally. They found a nearly 
significant group difference in overall root-mean-square (RMS) amplitude suppression 
over an 8 – 18msec time window. Upon temporal and spectral analysis, significant 
group differences in suppression were found in right ears in later time bands and 
                                            
12 Defined as “the amount by which the ipsilateral stimulus intensity must be reduced in order to produce 




concentrated approximately in 1 – 4kHz bands. Notably, a significant musician 
enhancement was not found across the board.  
Unlike previous studies, Stuart and Daughtrey (2016) treated musicianship as a 
continuous variable to investigate a graded enhancement of MOC function. Using 
contralateral suppression of TEOAEs, Stuart and Daughtrey (2016) did not find a 
correlation between either raw or normalized TEOAE suppression and musicianship 
when musical skill scores were treated as a continuous variable, nor was there a 
difference in TEOAE suppression at a group level between self-reported musicians and 
non-musicians.  
Bidelman et al. (2017) conducted a study measuring both ipsilateral and 
contralateral suppression of DPOAEs in normal hearing young adults with and without 
musical training. These musician participants were all classified as “amateur” 
instrumentalists, similar to the nature of music experiences reported by participants in 
the present study. For contralateral MOCR results, DPOAE amplitudes in CAS-on and 
CAS-off conditions were compared using paired t-tests on a point-by-point basis across 
the frequency spectrum. In this analysis, musicians demonstrated significant DPOAE 
suppression effects, while non-musicians did not. However, no correlation between 
DPOAE suppression in dB averaged across the frequency range and years of musical 
training was found, similar to Stuart and Daughtrey (2016). For ipsilateral MOCR 
testing, Bidelman and colleagues used a DPOAE adaptation approach by which MOCR 
strength was indexed as the magnitude of post-stimulus adaptation, or “the difference in 
dB between the DP emission amplitude at stimulus onset and its final steady-state 
value.” In this paradigm, there was a significant correlation between ipsilateral MOCR 
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effect, as indexed by adaptation magnitude, and years of musical training, suggesting 
that ipsilateral suppression assays may be more sensitive to this than contralateral 
assays. In support, previous work indicates that ipsilateral MOC may be stronger than 
contralateral MOC (Berlin et al., 1995; Gifford & Guinan, 1987). 
Most recently, Bulut et al. (2019) again replicated evidence of greater 
contralateral suppression of TEOAEs in professional musicians than in non-musicians, 
using raw dB and SNR as metrics. While studies overall conclude that musicians have 
stronger suppression of OAEs than non-musicians, this effect is not pervasive across all 
parameters and metrics, and there is not yet a broad consensus on how to analyze the 
effects of MOCR on OAE measures. The current study employs approaches 
represented in the literature, including a contralateral suppression of TEOAE paradigm 
with raw dB and normalized suppression metrics. The study with most closely aligned 
MOCR methods, Stuart and Daughtrey (2016), also did not demonstrate that MOC 
function strengthens with increased musicianship. Only Bidelman et al. (2017) 
established a relationship with years of musical training rather than a group effect, but 
with an ipsilateral DPOAE adaption magnitude approach. It is possible that this 
musician MOCR effect, especially as a correlation, is only elicited with certain 
parameters or evident using certain metrics and analyses. It remains unclear whether 
MOC effects indexed by particular paradigms or metrics are more sensitive to the 
impacts of noise exposure than others, potentially contributing to this lack of uniform 
results.  
Another factor that has varied across studies is the definition or quantification of 
musicianship. The majority of studies on musician MOCR function that have 
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demonstrated a group difference recruited high-level music conservatory students or 
professional orchestra members (Brashears et al., 2003; Bulut et al., 2019; Micheyl et 
al., 1995; Micheyl et al., 1997; Perrot et al., 1999). One study compared contralateral 
suppression of TEOAEs between non-musicians and young-adult rock musicians with at 
least 5 years of professional experience (Kumar, Grover, Publius, Sanju, & Sinha, 
2016), finding a significant group difference only in the 2 kHz band. The musicians in 
Bidelman et al.’s (2017) sample with ≥ 9 years of training were all classified as 
“amateur” instrumentalists, similar to the nature of music experiences reported by 
participants in the present study. Lastly, Stuart and Daughtrey (2016) categorized 
participants as “musicians” or “non-musicians” by self-report and used an objective 
assessment of musical skills (Profile of Music Perceptions Skills, PROMS) to quantify 
musicianship as a continuous variable. Neither a group difference nor correlation was 
evident using these definitions. Overall, studies utilizing professional, classical 
musicians tend to show the strongest evidence of greater OAE suppression. 
Professional musicians inherently have undergone more training than amateur 
musicians, and the hypothesized mechanism of top-down strengthening of cortico-
olivocochlear pathways through auditory training is congruent with the prediction that 
professional musicians would show stronger suppression effects than amateur 
musicians. Bidelman et al. (2017) did not find a relationship between years of musical 
training and suppression within the musician group, but note that years of musical 
training were fairly homogenous, as is true in the present study (Figure 4.4A). Stuart 
and Daughtrey (2016)’s sample included participants ranging from non-musicians to 
professional musicians with the goal of capturing a more heterogeneous sample of 
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musical experience, but did not report years of musical training in analysis, limiting the 
ability to compare correlation results with Bidelman et al. (2017). Future work may 
compare MOC function in different groups of musicians (i.e., genres of music, 
experience levels) to further investigate this hypothesis. 
The musicians in the present sample consisted of college students, many of 
whom were not majoring in music but participated in marching or pep bands during their 
time at university and may have accumulated more long-term noise exposure from both 
music-related and other recreational or social activities than their non-musician peers 
(Tufts & Skoe, 2018). Musicians had significantly higher weeklong noise doses, 
estimated by dosimetry (U = 5.50, p = .019) than non-musicians. This illustrates that 
musical training and noise exposure were confounded in the current sample, limiting the 
ability to analyze these factors in isolation.  
Noise Exposure and MOCR. While noise exposure could not be examined 
independently of musical training in the current sample, a regression model was used to 
investigate the relationship between these variables and MOCR strength while 
controlling for the other. A nearly significant relationship between years of musical 
training and TEOAE suppression was only revealed when weeklong noise dose was 
added to a model with musical training and sex. Noise dose had a negative effect in this 
model, implying that if a musician MOCR enhancement exists, it may be compromised 
by recent (week before) noise exposure. With a larger sample size and greater variety 
in noise doses, it remains possible that noise dose may significantly predict variability in 
musicians’ TEOAE suppression. This finding offers one possible explanation for mixed 
results in the musician MOCR literature and motivates further work exploring 1) musical 
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training as a form of sound conditioning and 2) a relationship between noise exposure 
and MOCR independent of musical experience. 
Bhatt (2017) originally hypothesized that because individuals with higher noise 
exposure (regardless of musical training) are at risk for reduced afferent input, efferent 
function may be reduced. A predicted negative relationship between noise exposure 
and reduced afferent activity in the presence of normal cochlear function and hearing 
sensitivity is well-motivated by cochlear synaptopathy literature in animals (Kujawa & 
Liberman, 2009, 2015) and humans (Liberman et al., 2016; Stamper & Johnson, 2015a, 
2015b). Further supporting the hypothesis that noise exposure may lead to reduced 
MOC efferent function even in individuals with normal hearing sensitivity and OAEs, 
Boero et al. (2018) found that in addition to well-documented anatomic and physiologic 
manifestations of cochlear synaptopathy, control mice with synaptopathy had reduced 
number of MOC terminals under outer hair cells.  
In both Bhatt (2017) and the current study, evidence of reduced afferent function 
was not definitive, limiting the ability of these datasets to show a relationship between 
noise exposure and suppression facilitated by afferent function. Bhatt (2017) reports no 
significant relationship between yearlong noise exposure, estimated by the NEQ, and 
audiometric thresholds or overall baseline CEOAE amplitudes. In the current study, 
there were not relationships between yearlong noise dose and audiometric thresholds, 
TEOAE amplitudes, or SNRs. While there was a relationship between weeklong noise 
dose and right and left ear PTA, correlations at individual frequencies were not 
significant, and weeklong noise dose was also not significantly related to TEOAE 
baseline measures. In Sliwinska-Kowalska and Kotylo (2002), reduced suppression of 
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TEOAEs and DPOAEs (a compromising effect) was found in occupationally noise-
exposed workers with normal audiograms who had lower OAEs compared to peers 
without occupational noise exposure. This result is in line with the hypothesis that 
reduced afferent input due to noise exposure would lead to reduced efferent function. 
However, work by Wake, Anderson, Takeno, Mount, and Harrison (1996) suggests that 
greater, rather than lower, OAEs may occur as a result of noise exposure that has 
damaged inner hair cells (IHCs). This was postulated as a compensatory mechanism by 
which reduced afferent input due to IHC damage reduces MOC suppression, allowing 
greater OHC amplification. This theory still supports the noise compromising 
hypothesis, in which noise-induced damage leads to reduced MOC function, but 
provides a possible explanation for why noise exposure was not related to reduced 
OAEs or why musicians had higher OAEs than non-musicians in the current sample. 
Another explanation may be that noise doses were overall relatively low. Returning to 
Figure 4.2, nearly all participants had estimated yearlong noise doses below 100%, and 
more than half had weeklong noise doses below 100%.  
Though the lack of clear evidence of noise-induced damage via OAEs or 
audiometric thresholds in Bhatt (2017) and the present study may explain the difference 
in results from Sliwinska-Kowalska and Kotylo (2002), reduced MOC function may occur 
even with synaptic damage, where OAE and audiometry results are unaffected (Boero 
et al., 2018). If measurable changes in MOC function were to precede measurable 
changes in afferent function, this would position the MOCR as a potential proxy 
measure for cochlear synaptopathy. Ideally, a measure of afferent function more 
sensitive to noise-induced synaptic damage, such as ABR Wave I amplitude (Bramhall, 
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Konrad-Martin, McMillan, & Griest, 2017; Stamper & Johnson, 2015a), would be used in 
future work to investigate this hypothesis in humans, but ABR and other proposed 
measures of synaptopathy are not yet validated in humans (Guest et al., 2019; Mehraei 
et al., 2016; Plack et al., 2016) (see Chapters I and V for further discussion). It remains 
possible that participants in the present study may have noise-induced afferent declines 
that could not be elucidated by the procedures used, but because noise exposure 
estimates and suppression were not related, it does not support the prediction that MOC 
function, as indexed by this suppression of TEOAE protocol, may be more sensitive to 
noise damage than existing tools. 
Ultimately, Bhatt found a positive relationship between noise exposure, estimated 
by the Noise Exposure Questionnaire (NEQ) and normalized suppression of CEOAEs in 
normal hearing young adults. This correlation was not replicated in the current study 
using either dosimetry or the NEQ to quantify noise dose, or raw or normalized 
suppression of TEOAEs. A positive relationship between noise exposure and 
suppression may be explained by a peripheral sound conditioning effect, such as is 
demonstrated in animal models (Brown et al., 1998; Kujawa & Liberman, 1997, 1999; 
Zheng, Henderson, McFadden, et al., 1997). Typically, chronic moderate sound levels 
are used prior to a traumatic exposure to reduce TTS cause by the traumatic noise. The 
weeklong dosimetry measure utilized in the current study does not fully reflect the 
routine, moderate noise levels experienced by participants because the dosimeters 
were set to a 75 dBA threshold, meaning that sound levels below 75 dBA were not 
recorded. Therefore, it is possible that weeklong noise exposure, especially at the levels 
posited to strengthen MOC function, was underestimated.  
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Both the conditioning (beneficial) and compromising (detrimental) hypotheses 
remain plausible; consequently it is conceivable that they exist in tandem. The “noise 
dependent” model synthesizes the potential conditioning and compromising effects by 
treating noise exposure as a moderating variable, such that the effect of noise exposure 
on MOCR strength is dependent on amount of noise exposure. Thus, low noise 
exposure may be beneficial and enhance MOC efferent function, while noise exposure 
above an unknown critical value may be 
detrimental to function within the MOC 
reflex loop. If this is true, there could 
exist both compromising and 
conditioning effects within this dataset, 
leading to the weak, leaning towards 
compromising, effect.  
Without strong evidence of a compromising effect, the existence of a conditioning 
effect as a positive relationship between noise exposure and MOC strength whereby the 
ear’s natural defenses against noise-induced damage might be trained-up by repeated 
exposure to noise, complicates the potential clinical use of MOCR as a test of 
physiologic vulnerability to noise-induced damage because it suggests that increased 
routine noise exposure decreases the level of vulnerability to noise exposure. In other 
words, an isolated positive relationship implies that an individual with weak MOC 
function may reduce their vulnerability by engaging in more noise exposure, which 
conflicts with the expectation that he or she would be at greater risk for noise damage 
due to reduced MOC strength (Attanasio et al., 1999; Boero et al., 2018; Maison & 
Figure 4.6 Noise Dependent Model; the effect of noise 
















Liberman, 2000; Maison et al., 2013; Zheng, Henderson, Hu, et al., 1997) and 
conventional knowledge that overexposure to noise can cause permanent, noise-
induced hearing loss (Rabinowitz, 2000). The possibility of a relationship between 
MOCR strength and noise exposure within the week before testing, therefore, warrants 
further investigation before clinical translation is undertaken. Future work investigating 
the extent to which noise exposure influences MOCR strength is also necessary to 
determine whether musical training itself contributes to top-down strengthening of the 
MOCR, or if it acts as a vehicle for noise exposure that drives sound conditioning of the 
periphery. 
CONCLUSION. 
A weak negative effect of weeklong noise exposure on the relationship between 
musical training and MOCR strength, indexed by contralateral suppression of TEOAEs, 
was found after controlling for sex. It was hypothesized that both a noise conditioning 
mechanism, by which MOC function is positively associated noise exposure, and a 
noise compromising effect, by which noise-induced reductions in afferent input may 
reduce MOC suppression, could exist. These opposing effects may complicate the 
relationship between musical training and MOC function, as well as interpretation of 
results in non-musicians. Further research is needed to elucidate the mechanisms by 
which noise exposure may interact with MOC function, and whether abnormally reduced 
or enhanced MOC function may yield insight into early signs of noise-induced damage. 
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PART 2- Clinical Perspectives: General Methods. 
As discussed in Chapter I, screening or testing of the olivocochlear efferent 
system is not currently done in clinical practice despite many proposed clinical 
applications. One of the proposed uses for MOCR testing in humans is as a predictor 
for noise-induced damage. While ongoing research is working toward validating 
protocols and building an evidence base, I sought to proactively gauge clinicians’ 
interest in the test relative to other tests, their anticipated barriers to uptake, and 
perspectives on how to optimize implementation. As a clinician-scientist in training 
myself, the potential for clinicians and researchers to collaborate and contribute to each 
other’s work with the joint goal of advancing hearing healthcare is of special interest to 
me. This motivated Part 2 of this dissertation, in which a survey was designed and 
distributed to a) document current practices specific to subclinical hearing loss and 
perspectives on emerging research, as well as b) collect general input from clinicians to 
inform knowledge creation and dissemination in audiology. The emerging research 
section sought input from audiologists as prospective end-users regarding potential 
implementation of tests and interventions in early stages of research, including OAE-
based MOCR estimation as part of a toolkit to predict vulnerability for noise-induced 
damage.  
QUESTIONNAIRE DESIGN AND DISTRIBUTION. 
The questionnaire was inspired by Clark, Huff, and Earl’s “Clinical Practice 
Report Card” survey report (2017) and Boisvert et al.’s 2017 study, which was based on 
Doyle’s survey of Australian audiologists’ clinical decision-making (1989). These prior 
surveys were brief with a narrower scope, while the current questionnaire was designed 
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with multiple sections to explore factors influencing audiologists’ perception of and 
decision-making in the context of subclinical hearing loss research. It contained 5 main 
content sections:   
Patient Scenario. Respondents were presented the following clinical scenario, adapted 
from Beck et al., 2018: 
“A middle-aged patient reports hearing difficulties, especially with 
understanding speech in background noise. She denied having previous 
otologic conditions or medications. She did report some noise exposure 
from firearm and power tool use when she was younger, from working for 
a few years in a printing factory, and from occasional concert attendance. 
 
Audiometry revealed hearing was within normal limits; most thresholds fell 
between 10 - 20 dB HL. Speech reception thresholds (SRTs) were 15 dB 
HL and word recognition scores (WRS) were 100% at 50 dB HL in quiet, 
bilaterally.” 
 
Respondents were asked to select options for further testing and recommendations in 
order to characterize current practice trends, as was done in in Clark et al. (2017), and 
to identify barriers for unselected options. 
Factors for Clinical Decision-Making. Building on similar studies by Doyle (1989) and 
Boisvert et al. (2017), audiologists were also asked to identify and rank information that 
they utilize when making difficult clinical decisions. 
Hearing Conservation and Early Identification. Questions in this section explored the 
perception of the need for a more sensitive test for noise-induced damage in clinically 
normal hearing individuals. 
Factors for a New Clinical Test. Audiologists were prompted to identify and rank 
factors considered important when adding a new test to their practice. 
Emerging Research. Three areas of research in relatively early stages were briefly 
described (I. Suppression of OAEs, II. Blood- Based Prestin Measurement, III. 
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Otoprotective Supplements), allowing clinicians to contribute their input regarding what 
purpose the test may serve and which professionals should be responsible for its use.  
The questionnaire was piloted with four audiologists and feedback regarding the 
scope and question/response phrasing was incorporated before IRB submission. To 
enable online data collection, the questionnaire was created in Qualtrics (a secure, 
online survey platform), and recruitment text with a link to the online questionnaire was 
distributed to clinical audiologists over the course of Summer 2019 through multiple 
mechanisms, including professional organization list-serves, social media, and personal 
contacts. The survey is included as Appendix C in this document. The study was 
approved by the Institutional Review Board at the University of Connecticut. Participants 
gave consent after reading an information sheet that briefly described the purpose, 
risks, and benefits of the study. 
PARTICIPANTS. 
Because the distribution channels utilized did not all have access explicitly limited 
to the intended audience of licensed audiologists, initial questions asked how many 
years a respondent has been licensed as an audiologist and in which U.S. state they 
currently practice, in order to confirm graduate-level training. As of 2018, the Bureau of 
Labor Statistics estimates 13,600 audiology jobs in the U.S. (Bureau of Labor Statistics, 
2019). The American Academy of Audiology (AAA) claims to “represent the interests of 
approximately 14,000 audiologists nationwide” (American Academy of Audiology, 2020). 
By distributing the questionnaire through multiple channels, including the AAA list-serve, 
Connecticut Academy of Audiology list-serve, social media, and personal contacts, 
there were multiple opportunities for eligible participants to see the posting.  
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 In total, the Qualtrics link received 120 “hits,” with 107 respondents completing 
the first set of questions beyond demographic information (number of years licensed, 
current primary employment setting, and U.S. state) and 99 respondents reaching the 
MOCR question set, which was the last presented set of those currently analyzed. For 
those who reached the final section, the median duration between opening and 
submitting the survey was 13.3 minutes, ranging from 2.45 minutes to 2.80 hours. This 
allows an estimate of the time needed to complete the survey, but is not a direct 
assessment as respondents may have worked on it sporadically with the webpage open 
(i.e., between appointments and other responsibilities). As is typical for online 
questionnaires, number of responses atrophied for later questions and responses were 
not required for each question, yielding inconsistent sample sizes across questions. In 
comparison, Boisvert et al. (2017) obtained a sample size of 96 through a single 
recruitment using a paper form and Clark et al. (2017) received 88 responses from a 
sample of 1,220 members of AAA to whom they delivered their survey online.  
 Respondents in the current analysis represent 30 different U.S. states and report 
a median of 10.0 years licensed, ranging from less than 1 year to 44 years. Several 
employment settings are represented (Table 2). For comparison, the American Speech 
and Hearing Association (ASHA) 2018 Audiology Survey Summary Report was 
comprised of audiologists 
working in the following 
settings: “Nonresidential 
health care facility 
(audiologists’ and 
Table 2. What is your current primary employment setting? 
 Frequency Percent 
Private Practice (without ENT) 48 45.3 
Private Practice (with ENT) 18 17.0 
College/University 16 15.1 
Hospital 15 14.2 
Other 5 4.7 
Franchise/ Retail Chain 3 2.8 
Industry 1 0.90 
Total 106 100.0 
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physicians’ offices)” (53.3%), “College/university” (8.7%), “Hospital” (27.5%), “Franchise 
or retail chain” (4.1%), “Industry” (4.7%), and “Other” (1.7%). If those proportions are 
representative of the population, college/university are overrepresented in the current 
study, and hospital, franchise/retail chain, and industry are underrepresented. These 
disparities are likely due to the distribution methods and inherent bias for those with 
time and interest in completing an online survey on this topic. The “Other” responses 
reported include “pediatric clinic,” “speech and hearing clinic,” and “public school 
system.” 
DATA ANALYSIS. 
The questionnaire responses were analyzed on an item-by-item basis using 
descriptive procedures. For ranking questions, respondents selected items to include in 
their ranked list. The frequency of selection for each item is expressed as a percent, 
and the mean rank and standard deviation amongst those who selected and ranked the 
item is also provided. Weighted scores were calculated for each item in order to account 
for the different number of items ranked by each respondent. 
 Results and discussion will be reported for sections specific to the topic of 
subclinical hearing loss (Suppression of OAEs, Patient Scenario, Early Identification 
and Hearing Conservation) in Chapter V, while findings that have general application 
across the discipline (Factors for a New Clinical Test, Factors in Clinical Decision-








V. Current and Future Clinical Tools to Assess (risk for) Noise-
Induced Damage. 
 
While the auditory research community has pitched developing a clinical test 
battery for subclinical hearing loss as a priority, it remains unclear to what extent clinical 
audiologists are aware of this topic, how they perceive its place in their scope of 
practice, and what factors contribute to successful translation of a proxy measure from 
the research to clinical setting. MOCR studies pointing to clinical application and 
research more broadly seeking to develop a diagnostic test battery for subclinical 
hearing loss often lack an explicit vision of future use. As Kraus and White-Schwoch 
(2016) ask, “How would a diagnosis of hidden hearing loss guide treatment in the 
clinic?” Throughout this process of creating and refining knowledge in preparation for 
action, querying clinical audiologists as the potential end-users is warranted. The 
current questionnaire study served to allow integration of clinical perspectives into future 
work on clinical applications of MOCR work and research on subclinical hearing loss.  
AN OAE-BASED TEST.  
Development of OAE-based assays for evaluation of MOCR function in humans 
is a prime candidate to be explored from a knowledge translation perspective. Briefly, 
knowledge translation research, sometimes used interchangeably with “implementation 
science”, is the study of the process of putting knowledge into action (Straus, Tetroe, & 
Graham, 2011), examining the steps from discovery of a new finding to widespread use 
of that information. The concept of a clinical MOCR paradigm has progressed through 
various stages of the knowledge creation cycle. After olivocochlear efferent function was 
initially hypothesized as factor contributing to the large inter-animal variability between 
susceptibility to acoustic trauma (Liberman, 1988, 1989) proposed measuring the 
  
 86 
change in compound action potential magnitude due to contralateral acoustic 
stimulation as method to assess olivocochlear efferent strength in humans. While initial 
work in animals had measured the effects of sectioning or stimulating the olivocochlear 
system by means of cochlear microphonics, auditory nerve responses, and threshold 
shifts, Collet et al. (1990) first demonstrated in humans a reduction of otoacoustic 
emission amplitudes with contralateral acoustic stimulation, ushering in contralateral 
suppression of OAEs as an objective, non-intrusive method to explore the MOC in 
human populations. More recently, research groups have begun collaborating with 
equipment manufacturers to release OAE-based assays for research purposes 
(Boothalingam et al., 2018; Marshall et al., 2014) that presumably may serve as the 
basis for clinical protocols with the goal to identify “tough” and “tender” ears. This line of 
research has been further motivated by the recent attention on “subclinical” or “hidden” 
hearing loss, with the NIDCD Workshop on Synaptopathy and Noise-Induced Hearing 
Loss (2015) asking “Do olivocochlear efferent fibers protect from synaptopathy?” and 
citing MOCR as a potential component of a diagnostic approach. In an introduction of 
hidden hearing loss to clinicians, Spankovich and Le Prell (2017) reference OAE 
suppression in a list of site of lesion tests recommended for differential diagnosis of 
hidden hearing loss. 
Results. To gauge clinical audiologists’ potential interest in a clinical MOCR test, they 
were provided a brief description of the test and asked if they would incorporate it into 
their practices. To avoid a selection bias by excluding audiologists unfamiliar with 
MOCR, the term “MOCR” was not used. Instead, the question asked about “an OAE-
based test... that could identify ears that are ‘tough’ vs. ‘tender’ (resistant vs. more 
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vulnerable to noise-induced damage) in humans with an automatic protocol.” Of 99 
respondents, 53% reported “yes,” while 43% indicated “maybe; I have concerns or need 
more information.” 4% showed no interest in this for their practice.  
The 46 individuals who selected “maybe” or “no” to incorporating this new test 
into practice were asked which factors (also queried in Factors for A New Clinical Test) 
were concerns, or potential barriers to uptake. These included concerns due to costs of 
equipment and materials (selected by 59%), billing and reimbursement (46%), not 
having a significant influence on patient management (33%), lack of knowledge on the 
subject (33%), lack of individuals who will present for this purpose (26%). Comments 
expressed apprehension about whether they would have to purchase new, costly 
equipment, and whether insurance or the patient would cover the procedure cost. 
Speaking to influence on intervention, one respondent wrote, “I would be concerned that 
patients identified with resistant ears would take hearing protection less seriously.” 
Audiologists were then asked which profession(s) should be responsible for 
using an automated OAE-based test for early identification of individuals at risk for 
NIHL. Responses indicated that audiologists considered this most appropriate in 
audiologists’ scope of practice (selected by 90%), trailed by PCPs (52%), ENTs (35%), 
school nurses (28%), and others (5%). The “others” responses indicated employers or 
work supervisors in an occupational hearing conservation capacity, with one comment 
stating that “the use of OAEs by non-audiologists should be in the form of only a 
screening tool to refer to audiologists/ ENTs.”  
Lastly, the respondents were asked, “At what age(s) do you think an automated 
OAE-based screening for susceptibility to hearing loss is appropriate?” with the options 
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“Elementary school,” “High school,” “20s – 30s,” “30s – 40s,” and “40s – 60s” presented. 
Frequency of selections decreased across age ranges, such that elementary school and 
high school were chosen most frequently (72% and 74%), with the latter age ranges 
chosen at 63%, 50%, and 43% respectively.  
A similar set of questions was asked regarding blood-based prestin measures, 
which are another assay in very early stages of research with animal research 
supporting its potential use as an early biomarker of noise-induced damage (Hana & 
Bawi, 2018; Parham, 2015; Parham & Dyhrfjeld-Johnsen, 2016; Parham et al., 2019). 
The results of these questions serve as a basis for comparison in the discussion. 
Discussion. To explore a specific “product” poised for clinical application to address an 
established need for a test to proactively detect risk for noise-induced damage, the 
present study found that about half of questionnaire respondents would willingly 
incorporate an automated OAE-based protocol that could assist in identifying “tough” 
versus “vulnerable” ears into their practices, with nearly the remaining half showing a 
healthy reservation by indicating that they would need more information to decide.  
Influence on Diagnosis and Intervention. Results from the Factors for A New Clinical 
Test section demonstrated that when considering a new test, audiologists may be 
motivated or hindered by several factors. The factor selected most frequently (by 95%) 
and with the “most important” mean rank was influence on diagnosis and intervention, 
suggesting that a test’s worth hinges on its ability to yield novel information that 
meaningfully contributes to a patient’s care. Regarding the proposed suppression of 
OAEs test to estimate MOCR function and predict vulnerability to noise damage, only 
33% of respondents cite “not having a significant influence on patient management” as 
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a concern, implying that the majority do see potential value for this test. A 26% minority 
expressed apprehension due to anticipating a lack of individuals who will present for this 
purpose, despite the possibility that the majority of the population for whom this test 
would be most impactful do not have audiology on their radars. It also remains unclear 
what significant influence results would have on diagnosis or intervention for the general 
public. If, as proposed in the literature, the test would categorize individuals as having 
“tough” or “tender” ears: 
1) A “tough ears” result itself would not justify counseling about hearing conservation 
and not have a significant influence on intervention. As one audiologist alarmed, 
“...patients identified with resistant ears would take hearing protection less seriously.” 
However, “reduced risk” does not necessarily mean “no risk,” and results from a 
screener or single diagnostic test should not be used in isolation to determine 
recommendations. As is done with current audiologic screeners and diagnostic tests, 
MOCR results would need to be interpreted alongside additional information that has 
been collected, such as an individual’s history and anticipated noise exposure from 
occupational and recreational sources, and a measure of current functional status. 
These other factors may justify hearing conservation, but MOCR would not have 
significant influence on recommendations in this scenario. 
2) A “tender ears” result implies that a patient is more vulnerable to noise damage, and 
therefore may already have subclinical noise damage (further research is needed to 
determine how noise exposure itself may alter MOCR strength). This could validate 
complaints for those that report hearing difficulties with WNL audiometric thresholds and 
justify counseling about hearing conservation. Hearing conservation, though, could be 
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beneficial to the public at large, including individuals with tender or tough ears. In the 
context of occupational hearing conservation, Themann et al. (2015) warns that 
identifying workers as particularly at risk opens “the door to potential discrimination in 
work assignments, promotions, etc.” 
Cost of Equipment and Materials and Lack of Knowledge on the Subject. In the Factors 
for A New Clinical Test section, cost of equipment and materials was the second most 
frequently selected barrier (87%), and it was the most frequently selected concern 
regarding a proposed OAE-based MOCR test (59%). One of the appeals of a 
suppression of OAE protocol for indexing MOCR function is that audiologists are 
already familiar with OAEs and the equipment used to record them, supported by the 
minority of respondents who selected “lack of knowledge on the subject” as a potential 
concern. In a contralateral suppression of OAE protocol, an acoustic stimulus (often 
broadband noise) is presented to the contralateral ear and OAE amplitudes with 
contralateral acoustic stimulus (CAS) on versus off are compared (Collet et al., 1990). 
Some versions of existing equipment already have the capacity to run these protocols, 
but are intended solely for research use. For example, “research-enabled ILO292 USB-
II systems can perform additional tests of specialist and research interest,” including a 
contralateral suppression of TEOAE mode (Otodynamics Inc., 2015). Ongoing research 
continues towards validating parameters for assays, compiling normative data, 
determining if the findings that MOC function predicts susceptibility in animals in fact 
translates to humans, and if so, establishing cut-offs for “tender” versus “tough” ear 
categories. Pending a strong research base, affordability of these systems will likely be 
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a factor influencing clinical uptake and options such as CAS add-ons or software 
updates for existing systems should be explored.  
Billing and Reimbursement. 46% of respondents who would “not” or “maybe” consider 
MOCRs in their practice cited concerns about billing and reimbursement. The resources 
spent to begin using a new test, including training and equipment, as well as time and 
disposable materials per implementation, must be reimbursable. In audiology, 
insurance, third-party insurance benefit administrators, or patients are billed for 
services. Per the 2020 Medicare Fee Schedule for Audiologists, the most appropriate 
CPT code for the proposed OAE-based MOCR test would be 92558, “Evoked 
otoacoustic emissions, screening... automated analysis” (American Speech-Language-
Hearing Association, 2020a). This code has a set fee of $0.00, raising concerns as to 
how the cost of incorporating such a screening would be covered. 
Profession to Implement. Despite concerns regarding costs and reimbursement, 90% of 
audiologist respondents selected audiology as an appropriate profession to implement 
the use of an automated MOCR via OAEs test, with 59% of those selecting audiology 
ranking it most responsible. Reversed, this indicates that almost half do not believe 
audiology would be the optimal profession to implement it. The next most frequently 
selected profession was PCPs, which is in line with results of the Early Identification and 
Hearing Conservation section. “Other” responses raised employers or work supervisors 
as potential implementers, suggesting that the information this test provides may be of 
value to companies with workers exposed to occupational noise. One comment 
demonstrates audiology’s protection of scope of practice, stating “the use of OAEs by 
non-audiologists should be in the form of only a screening tool to refer to audiologists/ 
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ENTs.” This again motivates the question, would a screening yielding “tender ears” with 
otherwise normal hearing and no reported difficulties necessitate personalized 
intervention from an audiologist?  
 Though a universal screening does not seem on the horizon at this time, 
occupational hearing conservation is an area poised to make use of a test of MOCR 
function, as suggested by audiologists’ comments. Research in occupational hearing 
conservation has long been attentive to the intersubject variability in permanent 
threshold shifts among workers with similar noise exposure histories (Henderson et al., 
1993; Leensen et al., 2011; Themann et al., 2015). Studies investigating predictors for 
occupational noise-induced permanent threshold shifts are not new and frequently 
discuss the potential benefits of predicting vulnerability to noise damage in order to 
target specialized intervention to those workers most at risk (Cantley, Galusha, & Slade, 
2019). Several factors influencing susceptibility to NIHL have been examined, but only 
account for small amounts of the variance (Henderson et al. (1993) provides a thorough 
review). The auditory efferent system, including the middle ear muscle reflex and 
olivocochlear system, have been of interest for decades, so as research on a clinical 
paradigm for MOCR testing or screening evolves, authorities overseeing hearing 
conservation programs and policies will be prime candidates for collaboration regarding 
translation into practice. In this context, an MOCR indicating “tough” ears would not 
exempt workers from existing precautions, but indication of “tender” ears could prompt 
additional protective measures, such as more frequent hearing testing. However, early 
collaboration with hearing conservation authorities as end-users to determine 
appropriate implementation of these findings (as is strongly recommended in 
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knowledge-to-action literature) would be critical to ensure that they are not used as a 
basis for workplace discrimination, as cautioned by Themann et al. (2015). 
Age to Implement. Another important consideration when speculating on future use of a 
validated OAE-based screening for susceptibility to hearing loss is the age range that 
would be ideal for screening. If the aim of implementing such a screening is to predict 
vulnerability to noise damage in otherwise normal hearing individuals in the general 
public, those with existing measurable hearing loss are not the population of interest, 
consequently ruling out much of the older adult population. The goal of predicting 
vulnerability as a way to identify an individual at higher risk as early as possible 
inherently implies that screening at a younger age would be necessary. Audiologists in 
this study generally agreed, with “Elementary school” and “High school” being chosen 
most frequently as the most appropriate age to undergo this screening. Later age 
ranges received lower numbers of selections, confirming the belief that this procedure 
becomes less appropriate with age, as noise exposure has accumulated, and other 
etiologies of hearing loss become more likely. This may have substantial implications in 
targeting both professions and time windows to implement an OAE-based MOCR 
screening; professionals that already routinely see children and young adults would be 
preferable candidates, and use for occupational hearing conservation programs should 
occur early in a worker’s employment. 
Compared to a Proposed Blood-Based Test. Similar to the proposed OAE-based 
procedure, about half of respondents reported having concerns or needing more 
information when asked whether they would incorporate a blood-based test that could 
identify early signs of noise-induced damage into their practice. Regarding the blood-
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based test, approximately one fifth of respondents replied they would not consider it, 
while only 4% rejected the idea of an OAE-based test. Because audiologists are not 
trained in phlebotomy or hematology, they were asked how they would be interested in 
using the proposed blood test. 17% envisioned physicians or ENTs initiating the test 
and referring patients whose blood shows early signs of noise damage to audiology, 
72% preferred the idea of referring their patients to physicians or ENTs for this test as 
another diagnostic tool, and 11% were interested in both of these pathways. 
 Potential perceived barriers for each of these emerging candidate tests are listed 
with the proportion of respondents expressing each concern (Table 5.1). 
Table 5.1 “I would have concerns about incorporating this test into my practice due to...” 
OAE-Based MOCR Test (n = 46) Blood-Based Test (n = 67) 
Costs of equipment/materials  58.7% Lack of knowledge on the subject 71.6% 
Billing and reimbursement concerns 45.6% Billing and reimbursement concerns 35.8% 
It would not change how I manage the 
patient 32.6% Costs of equipment/materials  32.8% 
Lack of knowledge on the subject 32.6% It would not change how I manage the patient 20.1% 
Lack of individuals who will present for 
this purpose 26.1% 
Lack of individuals who will present for 
this purpose 19.4% 
a Multiple responses possible. Items ordered by frequency of selection. 
In regards to an OAE-based MOCR test, the most frequently selected concern was the 
cost of equipment or materials, and other concerns were selected by less than half of 
respondents. As discussed prior, this indicates that the presumed financial aspects of 
adopting this test will likely be the main deterrents, or barriers to clinical implementation. 
Only 33% cited “lack of knowledge on the subject” as a concern, implying that 
approximately two thirds are familiar or confident enough in their OAE knowledge that 
they do not expect learning about this test to be a major obstacle. This is in stark 
contrast to a proposed blood-based test to identify early signs of noise damage, where 
the majority (72%) of respondents indicated lack of knowledge on the topic as a 
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concern. This result is justified in that audiologists are trained to administer and interpret 
OAE tests and educated on the physiology underlying them, but audiology curricula do 
not include education on bloodwork as it is not in the scope of clinical practice.  
The free-response comments for a blood-based test yield further insight. Only 3 
unique comments were made in response to an MOCR test, whereas 13 respondents 
commented their concerns about a blood-based test. Common themes in these 
comments were that blood tests are invasive (in the Factors For a New Clinical Test 
section, 60.6% of respondents indicate that patient comfort is an important factor when 
determining whether to adopt a new test), liability concerns, and lack of evidence-based 
research for interpretation. Additionally, respondents acknowledged that bloodwork is 
outside of audiologists’ scope of practice, meaning that patients would need to be 
referred to other professionals like physicians or ENTs, and may not return to the 
original audiologist. Lastly, comments indicated concern that a test result confirming 
early signs of hearing loss would not change the recommendations for hearing 
protection, counseling on hearing conservation, and good communication strategies that 
would already be indicated by reports of a history of noise exposure.  
Taken together, both OAE-based tests to index olivocochlear function and blood 
tests to assess prestin levels, a potential biomarker of noise-induced damage (Hana & 
Bawi, 2018; Parham, 2015; Parham & Dyhrfjeld-Johnsen, 2016; Parham et al., 2019) 
are at early stages of research with standardized protocols under investigation, no set of 
normative data unanimously agreed upon for reference, and no validation in humans for 
the purposes they are proposed to achieve. Yet, in light of best practices in knowledge 
translation, early communication between researchers and potential end-users can help 
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tailor these products’ creation and dissemination to ease their translation into action. 
While much research work remains necessary before these tests can be on the clinical 
horizon, these survey results point toward areas that will need attention as research 
progresses, such as a plan for concise educational material for audiologists, offsetting 
the costs of new equipment and time spent on procedures, and additional collaboration 
with other professionals whose scope of practice and populations of interest implicate 
their involvement. 
SUBCLINICAL HEARING LOSS PATIENT SCENARIO.  
Emerging tests that may be relevant for subclinical hearing loss could have 
impact in the future, but one issue that has arisen with the term “subclinical” is that there 
is not clear documentation of which tests are routinely used in clinical practice for these 
scenarios now. If it is agreed upon that the pure tone audiogram is not a sensitive 
assessment, which other tests do audiologists use once thresholds within normal limits 
are found? To document current practice trends for patients reporting hearing difficulties 
with normal audiograms in light of evidence-based recommendations, respondents read 
a brief patient case and selected options for further testing and recommendations. 
Current evidence-based tools for patients who present with audiometric thresholds WNL 
include validated self-report questionnaires to identify and characterize hearing 
difficulties (Beck & Danhauer, 2019; Hannula, Bloigu, Majamaa, Sorri, & Maki-Torkko, 
2011; Jerger, 2011; Johnson et al., 2018), speech-in-noise tests to quantify speech 
understanding in challenging environments (Beck & Danhauer, 2019; Liberman et al., 
2016) and extended high frequency audiometry (Badri, Siegel, & Wright, 2011; Le Prell, 
Spankovich, Lobarinas, & Griffiths, 2013; Liberman et al., 2016; Prendergast, Millman, 
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et al., 2017). Clinicians may also consider proceeding with a central auditory processing 
(CAPD) evaluation or auditory brainstem response (ABR) testing to rule out auditory 
neuropathy spectrum disorder (ANSD) or other retrocochlear pathologies (Beck et al., 
2018; Gallun, Papesh, & Lewis, 2017). For a systematic review, Barbee et al. (2018) or 
Zheng and Guan (2018) are recommended. 
Results. The follow-up procedure selected by the greatest proportion of responding 
audiologists was speech-in-noise testing (78.5%), followed by otoacoustic emissions 
(57.9%) (Table 5.2). Less than half would proceed with a subjective questionnaire, 
extended high frequency audiometry, CAPD testing, or ABR. Only 9.35% reported that 
they would not conduct additional testing, suggesting the majority of audiologists would 
seek further test results to inform intervention and/or validate patient complaints.  
Table 5.2 How would you proceed with testing? 
 Select all that apply  (n = 107) 
Rank selected items with 1 = “most important” 
(n = 38) 
 Frequency %a Mean Rank (SD)b Weighted Score 
Speech-in-noise testing 78.5 1.88 (0.88) 242 
OAEs 57.9 1.66 (0.81) 213 
Subjective questionnaire 34.6 2.75 (1.16) 125 
Extended high frequency audiometry 25.2 3.12 (1.05) 100 
CAPD evaluation 18.7 3.11 (1.76) 53 
Other/ Comments 15.0 2.75 (1.33) 50 
No further testing 9.35 1.00 (1.00) 8 
ABR 4.67 3.67 (1.53) 16 
a Multiple responses possible; mean number of responses given = 2.44.                    
b Mean rank given by those who selected this option (1= most important). 
“Other” responses included several recommendations for intervention that were 
included in following questions, as well as a few comments and additional ideas for 
testing. Three commenters reported that they do not have access to testing options that 
they believe would be appropriate in this patient case, including speech-in-noise testing, 
high frequency audiometry, OAEs, or CAPD materials. Two audiologists reported that 
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they would also do ipsilateral and contralateral acoustic reflex testing (referred to as 
middle ear muscle reflex ‘MEMR’ elsewhere in this dissertation), one suggested 
EchocG, and one reminded that this patient may have initially had pure tone thresholds 
<0 dB HL, rendering 10 – 20 dB HL thresholds a perceptible change. 
 For each follow-up option not selected, follow up questions probed why an 
audiologist would not proceed in that manner (Table 5.3). Respondents selected from 
options that encompass a selection of barriers identified in Cabana et al.’s (1999) meta-
analysis of physician-reported barriers to evidence-based practice.  




(n = 23) 
OAEs 
 
(n = 45) 
Subjective 
questionnaire 
(n = 70) 
Extended HF 
audiometry 
(n = 80) 
CAPD 
evaluation 
(n = 87) 
ABR 
 
(n = 102) 
Due to lack of equipment/ 
materials 39.1% 37.8% 11.4% 45.0% 31.0% 30.4% 
Due to lack of expertise in 
administering the test 8.70% 0.00% 14.3% 5.00% 27.6% 1.00% 
Due to lack of expertise in 
interpreting the test results 4.35% 0.00% 8.57% 3.75% 20.7% 1.00% 
Due to lack of time 
(too time consuming) 34.8% 8.89% 21.4% 10.0% 24.1% 13.7% 
Due to concerns regarding 
billing & reimbursement 13.0% 13.3% 14.3% 10.0% 23.0% 12.8% 
It is not indicated by the case 
history or existing test results 4.35% 17.8% 8.57% 11.3% 11.5% 44.1% 
It will not change how I 
manage the patients 52.2% 40.0% 47.1% 47.5% 33.3% 35.3% 
Other/ comments 0.00% 13.3% 21.4% 5.00% 17.2% 10.8% 
a Multiple responses possible. 
Discussion. While there are studies suggesting management approaches for 
rehabilitation of patients with audiometric thresholds within normal limits who report 
hearing difficulties, such as those compiled by Beck et al. (2018), there is minimal 
literature describing how clinicians actually proceed with testing and recommendations 
after a reliable pure tone audiogram is obtained. Similar to Clark et al.’s (2017) “report 
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card” on current clinical practice for adult patients, this data allows insight into which 
existing tests, implicated by the literature for differential diagnosis of subclinical hearing 
loss etiologies, are actually utilized and for those that are not, what misconceptions or 
barriers exist. The most frequently selected reason not to perform a test indicated in the 
literature for this patient scenario was because clinicians reported it would not change 
how they manage the patient. This supports anectodical skepticism that diagnostic tests 
for cochlear synaptopathy or subclinical hearing loss generally would provide a relative 
advantage over existing, or more standard, methods, and is in line with results from the 
Factors for a New Clinical Test section, where “influence on diagnostics and 
intervention” was most frequently selected and highest rated as criteria for adoption of a 
new test into practice. 
Speech-in-Noise Testing. The patient case presented in the survey specifically noted 
difficulty understanding speech in the presence of background noise because this is a 
common difficulty among those with perceived hearing challenges and normal hearing 
sensitivity. 78.5% of the respondents conveyed that they would proceed with a speech-
in-noise test for this patient. Clark et al. (2017) report only 15% of audiologists using 
speech-in-noise testing always (76 – 100% of the time), 14% often, 17% sometimes, 
39% seldom, and 19% never. The comparatively high proportion of audiologists in the 
current study that would use a speech-in-noise test is likely in response to the direct 
complaint. Though this high proportion may not use a speech-in-noise test routinely, 
they recognized it as being indicated by this case and would perform it to address the 




Of those who did not choose to proceed with a speech-in-noise test, half reported 
that it would not impact how they manage the patient, over a third claimed that they do 
not have equipment or materials, and a third reported that it is too time consuming. For 
the half who claim speech-in-noise results would not influence intervention, two reasons 
can be speculated. Perhaps these clinicians are willing to take the complaint as stated 
by the patient and not rely on a test to document the extent of functional impairment, or 
perhaps they reason that these tests have ceiling effects and may not be challenging 
enough to be sensitive to the patient’s difficulty. Beck and Danhauer (2019) outline the 
procedure to obtain an “SNR-50,” or the signal-to-noise ratio (SNR) needed for a patient 
to correctly understand 50% of words. Typically, an individual with pure-tone thresholds 
within normal limits would have an SNR-50 at 1-2 dB, so an individual with a higher 
SNR-50 would merit intervention to improve SNR, such as mild gain amplification with 
noise reduction algorithms and remote microphone technology (Beck & Danhauer, 
2019). This method of testing only requires a two-channel audiometer and word list; no 
equipment or materials beyond what is used for pure tone audiometry and speech 
reception thresholds is required. Measuring the extent to which a patient has a speech-
in-noise deficit can also facilitate a clinician’s recommendation regarding the technology 
level of a hearing aid that would most benefit a patient (Beck & Nilsson, 2013). 
Otoacoustic Emissions. Otoacoustic emissions assess outer hair cell function and have 
been established as more sensitive to noise damage than audiometric thresholds 
(Attias, Horovitz, El-Hatib, & Nageris, 2001; Desai et al., 1999; Prasher & Sulkowski, 
1999). In Desai et al.’s (1999) study, 56% of participants with audiometric thresholds 
better than 30 dB HL and occupational noise exposure had absent transient-evoked 
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OAEs, while all participants with similar hearing levels and no notable noise exposure 
history had present TEOAEs. Though they may show reductions due to noise exposure 
before the audiogram, OAEs have not proven sensitive to cochlear synaptopathy, which 
is believed to precede outer hair cell damage (Kujawa & Liberman, 2015). In animal 
models, normal OAEs and decreased ABR Wave I amplitude at suprathreshold intensity 
characterize a loss that is synaptic, rather than cochlear. In more recent studies that 
have compared OAE measurements of audiometrically normal hearing individuals with 
various noise exposure histories, group differences and correlations have not emerged 
(Bramhall et al., 2017; Liberman et al., 2016; Mehraei et al., 2016; Prendergast, 
Millman, et al., 2017).  
In the current study, 57.9% of respondents reported that they would follow up 
with OAE testing for the presented patient case, in which a history of noise exposure 
was reported. Again, not having a significant influence on management of the patient 
was the most frequently cited reason not to perform this test, closely followed by not 
having access to equipment. With research indicating that OAEs may or may not show 
reductions due to a history of noise exposure, it can be understood why clinicians 
appear dubious that OAE testing in this patient scenario would yield influential results. 
Additionally, OAEs are commonly done in a screening capacity in clinical settings, 
where a sufficient signal-to-noise ratio indicates a “present” OAE. OAE screening 
equipment generally does not have the capacity to read out amplitudes to be compared 
to normative data. Ultimately, OAEs should be considered as a site of lesion test to 
either confirm OHC damage that is not yet robust enough to cause mild hearing loss on 
the audiogram, or to rule out OHC damage and prompt retrocochlear investigation. 
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Subjective Questionnaires. Clinical practice guidelines implore the use of self-
assessment questionnaires in order to explore the patient’s perception of their hearing 
ability, use as a motivational counseling tool, and document the subjective benefits of 
intervention (American Academy of Audiology, 2006). Clark et al. (2017) report only 
15% of audiologists using self-assessment questionnaires always, with 57% using them 
seldom or never. Clark et al. (2017) also refer to a study that found only 10% of 
audiologists routinely utilize these tools and that 40% believed they could determine 
audiologist treatment based only on hearing test results (Pietrzyk, 2009).  
In the current study, 34.6% reported that they would use a subjective 
questionnaire for the presented patient case. Nearly half who would not do so claimed 
that it would not change management of the patient, similar to Pietrzyk’s (2009)’s 
finding, while approximately a fifth stated that it is too time consuming. Several 
comments stated that information gathered on a subjective questionnaire should be 
already be covered during case history interview. While this projected frequency of use 
is higher than was found in Clark et al. (2017) and Pietrzyk (2009), each of these 
surveys show an underutilization of questionnaires. Especially in cases of subclinical 
deficits, referred to as such because they are not detected on standard clinical 
assessments, questionnaires are a justified tool to both initially document and quantify 
the patient’s perception of how their hearing affects their communication and function, 
and use following intervention as an outcome measure. 
Extended High Frequency Audiometry. High frequency audiometry (> 8kHz) has been 
suggested as a tool for exploring hearing deficits when standard audiometry (250 – 
8000Hz) thresholds are within normal limits (Barbee et al., 2018; Liberman et al., 2016). 
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Though Bramhall et al. (2017) did not find differences in high frequency thresholds in 
groups with different noise exposure histories and Prendergast, Guest, et al. (2017) only 
found a relationship between high frequency thresholds and noise exposure in females, 
Liberman et al. (2016) did find a significant difference between young adults with 250 – 
8000Hz audiometric thresholds within normal limits presumed to be at high- or low-risk 
for cochlear synaptopathy, based on self-reported noise exposure. Badri et al. (2011) 
found poorer high frequency thresholds in adults with standard audiometry WNL and 
impaired speech-in-noise perception, compared to those without hearing difficulties in 
noise. Le Prell et al. (2013) reported 3-6 dB poorer thresholds from 10 to 16 kHz in 
college students with longer-term use of personal music players or higher listening 
levels during use. While the group difference was small and likely within audiometric 
test-retest variability (a step size of 5 dB is typical for audiometric threshold 
measurements), Le Prell et al. (2013) conclude “it should be possible to detect small 
changes in high-frequency hearing for patients or participants who undergo repeated 
testing at periodic intervals. However, the increased population-level variability in 
thresholds at the highest frequencies will make it difficult to identify the presence of 
small but potentially important deficits in otherwise normal hearing individuals who do 
not have previously established baseline data.” 
Despite the evidence that extended high frequency thresholds may reflect noise 
damage and be associated with poorer speech-in-noise performance, only 25.2% of 
respondents in the current study would proceed with high frequency audiometry for the 
patient case presented, with nearly half reporting that it would not change how they 
manage the patient and half reporting that they do not have access to equipment for 
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high frequency testing. Those indicating that high frequency thresholds would not 
impact their plan for the patient may have reasoned that, as stated by Le Prell et al. 
(2013), extended high frequency thresholds have great variability and there are not well-
established norms for comparison, so without baseline data, this testing may not be 
meaningful for intervention. Access to equipment and materials was the second most 
frequently reported important factor reported to influence the uptake of a new clinical 
test, so audiologists at clinics that do not have high frequency headphones available 
and calibrated face a barrier in being able to implement this test.  
Central Auditory Processing Evaluation. While the given patient scenario included a 
history of noise exposure, the complaint of speech-in-noise difficulty with normal hearing 
thresholds could point to a central auditory processing deficit or other etiologies not 
related to noise (Beck & Danhauer, 2019). More case history information would be 
required to rule out comorbid factors and gather information regarding other potential 
auditory processing symptoms for an appropriate referral, but “difficulty understanding 
speech in the presence of competing background noise” is a common behavioral 
manifestation of CAPD and assessment of auditory performance in competing noise is 
recommended as part of a comprehensive battery (American Academy of Audiology, 
2010). Ruling out CAPD will be necessary for differential diagnosis of noise-induced 
cochlear synaptopathy (Zheng & Guan, 2018). 
Based on the patient case presented in this survey, only 18.7% of respondents 
would choose to do or refer for a CAP evaluation. Reasons not to proceed with a CAP 
evaluation were assorted. Of note, only 11.5% indicated that they did not deem CAP 
evaluation appropriate for this patient. However, approximately 20 to 30% of the 
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majority who would not follow up in this way reported not having expertise in 
administering testing or interpreting CAP test results, nor having the equipment or 
materials to do so. Time and reimbursement concerns were also cited. This seems to 
accurately reflect the current state of CAPD practice within audiology, where some 
audiologists and clinics may specialize in it, but not all are involved or well-trained in its 
assessment and intervention. The American Academy of Audiology describes this in 
detail in the Education, Training, and Practice in (C)APD section of the 2010 (C)APD 
Clinical Practice Guidelines. 
Auditory Brainstem Response. Another method currently used in the clinic that has 
been under investigation as a possible diagnostic tool for cochlear synaptopathy, one 
etiology of subclinical or “hidden” hearing loss, is the auditory brainstem response 
(ABR). Specifically, wave I of the ABR represents the combined auditory nerve 
response and is validated for diagnosing cochlear synaptopathy in animal models, but 
not yet for humans. In animal studies, synaptopathy is typically characterized by a 
temporary shift in ABR thresholds, but permanent reduction in wave I amplitude at a 
suprathreshold presentation intensity that corresponds to a reduced synaptic count 
(Kujawa & Liberman, 2009; Zheng & Guan, 2018). The literature for the effects of 
synaptopathy on the ABR in humans has been equivocal, with a few studies reporting 
wave I reductions in humans with noise exposure (Bramhall et al., 2017; Stamper & 
Johnson, 2015a) and others not replicating this effect in their samples (Prendergast, 
Guest, et al., 2017) Overall, this measure has too great between- and within-subject 
variability to allow reliable diagnosis of synaptopathy in an individual (Guest et al., 2019; 
Mehraei et al., 2016; Plack et al., 2016). Several other electrophysiologic measures 
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have been proposed, including ABR wave V latency in noise (Mehraei et al., 2016), the 
frequency following response (FFR) (Prendergast, Guest, et al., 2017), and the ratio 
between summating potential and action potential (SP/AP) (Liberman et al., 2016), but 
like ABR wave I amplitude, all must be regarded with caution at this point in time (Guest 
et al., 2019). Beyond cochlear synaptopathy, ABR is also indicated when auditory 
neuropathy spectrum disorder (ANSD), another disorder that can manifest with a normal 
audiogram, present OAEs, and poor speech understanding in noise, is suspected. 
Only 4.67% of clinicians in this study would proceed with ABR testing for this 
patient case; it was the least frequently selected option. Like many of the other test 
options, approximately a third who would not use it claimed that it would not change 
intervention, and nearly a third reported not having access to equipment or materials. 
44% of those who did not select this option did not believe that ABR testing would be 
indicated by this case. This reason was given far less frequently for the other test 
options presented. Despite an abundance of literature devoted to possible markers of 
synaptopathy via ABR or electrocochleography (ECochG) recording (Pienkowski, 
Adunka, and Lichtenhan (2018) provide an excellent review of ECochG and its potential 
clinical uses), the evidence does not yet appear strong enough to warrant widespread 
clinical implementation, rationalizing the results of this survey. One commenter added 
that he or she would consider ECochG for this patient and two reported that there is not 
normative data for detecting synaptopathy in individuals using ABR, indicating their 
awareness of this literature.  
No Further Testing. Audiologists not choosing to proceed with further testing likely are 
not fully addressing the patient’s complaints. Patients who present to an audiologist with 
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suprathreshold complaints can be frustrated upon being told that they have normal 
hearing according to their test results and lose confidence in audiologists and audiologic 
evaluations (Barbee et al., 2018; Johnson et al., 2018; Roup, 2016). Beck and 
Danhauer (2019) describe how the “happy talk” strategy of presenting a normal 
audiogram to these patients as good news along with communication strategies such as 
ensuring visual cues, reducing background noise, and reducing distance from the 
speaker is not adequate. Adults presenting with speech-in-noise difficulties have likely 
already tried these “obvious” solutions, and overlooking a speech-in-noise deficit can 
lead to reduced quality of life. 
 Tests that are already available in clinical audiology have evidence to support 
their use for differential diagnosis and intervention plans for individuals with normal 
audiograms and hearing difficulties. Overall, results from this section of the 
questionnaire demonstrate that many of these tools are not widely utilized in a potential 
noise-induced subclinical hearing loss scenario for a variety of reasons. For some 
patients with hearing difficulties and normal audiograms, it is possible that this loss 
would not be “subclinical” if further clinical testing were completed. However, 
audiologists in this survey most frequently cite a lack of influence on intervention as a 
reason for not proceeding with other tests. Future work should further investigate this by 
documenting which interventions and recommendations are made for patients who fit 
this description.  
EARLY IDENTIFICATION AND HEARING CONSERVATION.  
 Considering that many evidence-based, existing clinical tools that are more 
sensitive to suprathreshold impairments than the audiogram are not ubiquitously used, 
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one may question the need for a novel test that would be more sensitive to noise-
induced damage. Commonly cited reasons for not utilizing existing tools, such as not 
having substantial influence on recommendations, imply that audiologists believe 
appropriate recommendations and intervention plans are being made with the 
information available from the most routine components of a comprehensive hearing 
evaluation, such as case history, audiometry, and speech understanding in quiet. 
Results. Audiologists were asked, “Is there a need for a more sensitive test for noise-
induced damage in clinically normal hearing individuals?” Only 8% indicated that they 
do not believe this is needed, while 92% agreed. Of the 92% of respondents who do 
believe there is a need, 6% only perceive a need for such a test as a proactive tool to 
identify those at risk for noise-induced hearing loss, 8% only perceive a need for such a 
test as a reactive tool to validate patient complaints and justify intervention, and 78% 
see a need to fulfill both of the aforementioned purposes. 
 With majority agreement that earlier identification of individuals at risk for noise-
induced damage is needed, is it is necessary to consider which professionals must take 
ownership of this responsibility (Table 5.4). Respondents were able to select multiple 
professions whose scope of practice should include this duty, with “Audiologists” 
selected by 93%, followed by “Primary Care Providers/ General Practice Physicians” 
(PCPs) selected by 67%, Ear Nose Throat doctors “ENTs” selected by 46%, “School 
Nurses” (33%), and “Other” (13%). Overall, audiologists ranked their own profession as 
the first most responsible, followed by PCPs, ENTs and other, with school nurses as 
least responsible of the options. Of the “Other” responses, half explicitly indicated that 
employers, including military supervisors and hearing conservationists conducting 
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OSHA testing, should share this responsibility. Of the 47 respondents who did not 
complete the ranking question, 26 had solely selected "Audiologists." A few responses 
conveyed that earliest identification is the responsibility of PCPs or other healthcare 
providers, because an individual without noticeable hearing loss would not otherwise be 
referred or go to audiology of their own accord, with one respondent commenting 
“Audiology needs to do a better job of educating the public about NIHL.” 
Table 5.4 “Which professionals do you believe are responsible for early identification of individuals at risk for NIHL?” 
 Select all that apply (n = 100) 
Rank selected items with 1 = “most important” 
(n = 53) 
 Frequency %a Mean Rank (SD)b Weighted Score 
Audiologists 93.0 1.37 (0.75) 236 
PCPs/GPPs 67.0 2.15 (0.74) 185 
ENTs 46.0 2.85 (0.79) 129 
School Nurses 33.0 3.57 (1.03) 68 
Other 13.0 2.78 (1.64) 29 
a Multiple responses possible; mean number of sources identified = 2.52.           
bMean rank given by those who selected this option (1=most responsible). 
This statement foreshadowed the next question, which asked which 
professionals are responsible for public education regarding hearing conservation 
(Table 5.5). Responses were very similar to the previous questions, with audiology 
again identified as most responsible. 30 of the 40 respondents who selected 
professions they believe are responsible, but did not complete the ranking question, had 
solely chosen "Audiologists." “Others” again included employers and supervisors in a 
hearing conservation capacity, but added to the list of those in a role to educate the 






Table 5.5 Which professionals do you believe are responsible for public education regarding hearing conservation? 
 Select all that apply (n = 99) 
Rank selected items with 1 = “most important” 
(n = 59) 
 Frequency %a Mean Rank (SD)b Weighted Score 
Audiologists 95.0 1.22 (0.53) 277 
PCPs/GPPs 55.6 2.28 (0.76) 186 
ENTs 48.5 2.71 (0.82) 148 
School Nurses 41.4 3.46 (0.99) 94 
Other 11.1 3.00 (1.69) 24 
a Multiple responses possible; mean number of sources identified = 2.49.           
bMean rank given by those who selected this option (1=most responsible). 
Discussion. Beck et al. (2018) estimate that 26 million adults in the United States may 
experience hearing difficulties despite having WNL hearing thresholds. This estimate is 
based on Tremblay et al.’s (2015) report that 12% of normal hearing adults perceive 
hearing difficulties. Other literature exploring hearing difficulties despite audiometry 
WNL report this figure at 29% of older adults (Saunders & Haggard, 1989), 20% (Gates, 
Cooper, Kannel, & Miller, 1990), and 10-15% (Spankovich, Gonzalez, Su, & Bishop, 
2017). At this time, diagnosis of specific etiologies underlying these difficulties require 
testing beyond what is done as part of a routine hearing evaluation, such speech-in-
noise testing or CAPD evaluation. It is unknown what portion of these individuals 
presenting with hearing difficulties, especially complaints regarding speech-in-noise 
understanding, may be showing early signs of noise-induced damage because there is 
not yet a validated diagnostic protocol sensitive to such physiologic changes.  
 As researchers continue to work towards creating such a test or diagnostic 
battery with the clinical application goal of earlier identification of those at risk for NIHL, 
leading to improved hearing conservation efforts, the potential end-users must play a 
role in the process. Knowing how aware of and how much ownership a profession feels 
regarding a task can inform which professionals to target in distributing relevant 
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research and the potential for uptake. In a review of cochlear synaptopathy, Zheng and 
Guan (2018) write, “Audiologists should play a leading role in regard to the diagnosis, 
intervention, and education of HHL to increase public awareness, prevent potential 
auditory damage, and improve professional understanding of this disorder for early 
diagnosis.” 
In this study, 92% of audiologists who responded recognized a need for a more 
sensitive toolkit for noise-induced damage in clinically normal hearing individuals, 
indicating a good awareness of this topic, perhaps through their own clinical experience, 
continuing education, or other information sources (see Factors in Clinical Decision-
Making). Respondents selected audiology as being responsible for the early 
identification of those at risk for noise-induced damage (93%) and for educating the 
public about hearing conservation (95%). Of the 12 respondents who did not rank 
audiology as most responsible for early identification, 11 ascribed greater responsibility 
to PCPs, with comments acknowledging that individuals without significant hearing 
difficulties are not motivated to present to an audiology clinic of their own accord, nor 
are they likely to receive a referral. This elucidates a potential disconnect between 
audiology’s perception of the profession’s responsibility and the ability to execute it 
successfully from within audiology practices. While there are reports of audiologists 
seeing patients with self-reported hearing difficulties, such as the patient scenario 
presented in an earlier section, and estimates of prevalence as stated above, it can be 
logically inferred that the majority of individuals who either are at risk of noise-induced 




This hurdle has implications for researchers seeking to tailor a more sensitive 
clinical test for noise-induced damage towards specific end-users. First, while this topic 
is within the scope of audiology and audiologists largely perceive it as their 
responsibility (Johnson et al., 2018; Zheng & Guan, 2018), the population of interest 
does not necessarily present at audiology practices (Pienkowski, 2017). Such a test or 
test battery could benefit the subset of individuals with hearing difficulties and normal 
thresholds who do present to audiologists by validating their difficulties and providing 
documentation, but this would not reach the full potential of a largescale public hearing 
health initiative. It is unlikely even with extensive public education that individuals with 
normal hearing would self-refer for early identification of being at risk for noise damage 
to in order to receive proactive, personalized hearing conservation intervention.  
The results of this study are inherently limited due to the response sample 
representing only one of several potential professions that make share responsibility in 
identifying individuals at risk before clinically-significant noise damage accumulates. 
Looking beyond audiologists’ ranking of their profession as most responsible, results 
demonstrate a recognition that PCPs are often gatekeepers to specialties because they 
are typically an individual’s first point of contact in healthcare. Of 35 respondents who 
ranked audiology first and provided a second option, 20 listed PCPs as next most 
responsible. Future work may ask similar questions of primary care providers to gauge 
potential for effective uptake of a screening tool to predict vulnerability to noise damage 
or detect existing, subclinical noise damage. Each profession’s scope of practice, 
perception of responsibility, and interdisciplinary collaboration must be considered as 
knowledge is put into action. 
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In addition to audiologists and PCPs, several respondents commented that 
employers or supervisors should share responsibility for early identification of 
individuals at risk of noise-induced damage and hearing conservation education. Over 
and above existing occupational hearing conservation programs and standards, these 
comments may also point to the extension of such advocacy to workers not already 
covered and/or increased conservativeness of occupational hearing conservation 
standards. 
CONCLUSION. 
A diagnostic test battery or screening for subclinical hearing loss is one example 
of an “innovation” or product within hearing science that can be analyzed in a 
knowledge translation framework. In the present study, gathering input from audiologists 
as potential end-users of such a product confirmed clinicians’ recognition of subclinical 
noise-induced damage as clinically-relevant topic, and that researchers’ efforts towards  
tests for these early signs of damage are warranted. While audiologists perceive their 
profession as most responsible for the early identification of individuals at-risk for noise 
damage, primary care providers were established as another profession that should be 
considered for involvement in this developing area of research, as there are inherent 
barriers to clinical audiologists accessing individuals who are not already aware that 
they are at risk for noise-induced damage. An OAE-based protocol to index MOCR 
strength was presented as a candidate test for identifying physiologic vulnerability to 
noise-induced damage. Because this test is in a knowledge-creation phase, with optimal 
stimuli and norms still under investigation, it serves as a case study for gathering input 
from clinicians earlier in the research process. Through this section of the questionnaire, 
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audiologists were able to voice interest, concerns, and contribute ideas for the 
implementation of this line of research. Continued collaboration between scientists and 
clinicians on this topic will help tailor it to effectively address the perceived clinical need.  
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VI. General Insight for Auditory Research. 
 Subclinical hearing loss is one example of a research area with clinical 
implications that benefits from collaboration to foster successful knowledge translation, 
but this kind of communication between hearing science and healthcare is widely 
advantageous. The current questionnaire gave audiologists an outlet to provide general 
input for auditory researchers interested in proactively tailoring “products” and 
dissemination of future work to ease translation to the clinic. 
FACTORS FOR A NEW CLINICAL TEST. 
 
Audiologists’ interest and concerns regarding OAE-based MOCR testing and 
blood-based measures allowed insight into future implementation of these specific 
emerging candidate tests, but a lack of literature outlining criteria that make for a “good” 
clinical test motivated a general inquiry into factors that that may facilitate or challenge 
audiologists’ interest in a new or updated procedure. In this section, audiologists were 
asked to weigh in on which factors they consider important when deciding whether to 
uptake a new clinical test.  
Results. A new test’s influence on diagnostics and intervention is most valued, followed 
by the availability of equipment and materials and ability to validate patient reports 
(Table 6.1). Patient comfort and eligibility for reimbursement were also considered 
important by more than half of question respondents. The “other” responses indicated a 
need for evidence supporting the test’s reliability, validity, and existing normative data, 
as well as the need to weigh multiple factors in a cost-benefit analysis. One comment 
stated “Duration of a test versus reimbursement for the test is critical. For example, a 
test that takes a lot of clinical time is worth the effort if that time is appropriately 
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reimbursed, either out-of-pocket or by 3rd party. We should look for effective and 
efficient diagnostic tools that are fairly reimbursed.” 
Table 6.1 What factors do you consider important in adding a new test to your toolbox? 
 Select all that apply  (n = 99) 
Rank selected items with 1 = “most important” 
(n = 72) 
 Frequency % Mean Rank (SD)a Weighted Score 
Influence on diagnostics and intervention 95.0 1.48 (0.93) 605 
Availability of equipment/ materials 86.9 3.19 (1.35) 456 
Validating patient reports 69.7 2.54 (1.28) 425 
Patient comfort (non-invasive) 60.6 4.52 (1.46) 285 
Eligibility for reimbursement 60.6 5.00 (1.85) 245 
Brevity 48.5 4.70 (1.47) 239 
Easy to learn and perform 44.4 3.63 (1.31) 225 
Prior knowledge of similar tests 14.1 5.46 (1.50) 59 
Other/ Comments 7.07 1.80 (1.79) 41 
aMean rank given by those who selected this option (1=most important).  
Discussion. Clinicians’ ability to provide EBP depends on a large evidence-base that 
has direct clinical application. The traditional knowledge creation approach can lead to a 
disconnect between the tightly controlled lab conditions where evidence-based 
protocols are validated on homogenous samples and the reality of using them in clinical 
settings (Olswang & Prelock, 2015). While researchers are experts in the scientific 
method and designing studies, analyzing data, and organizing results, clinicians are 
experts in service delivery. They encounter patients directly, as well as complete and 
conduct training, work with office staff, and perform scheduling and billing. These 
realities inform immediate clinical research needs and whether new evidence is 
adoptable. 
Within a clinical setting, there are restrictions on the number and types of tests 
that can be implemented in a standard appointment time. Barriers that may not be as 
adverse in a research setting, such as a time to complete a protocol and availability of 
equipment, can impede the uptake of new test procedures that are otherwise poised to 
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benefit clinical practice. Therefore, knowing which factors clinicians consider important 
when deciding whether to incorporate a new test into their practice can help 
researchers’ tailor the long-term goals of their work to be applicable in the confines of 
healthcare. 
Respondents in the current study indicated that a new test’s influence on 
diagnostics and intervention is most valued. This implies that if a new test will truly have 
a profound impact on a clinician’s ability to properly diagnose a patient’s condition and 
inform recommendations, audiologists are will consider it using it despite the resources 
it may take to implement. The factor next most frequently reported as important was the 
availability of equipment and materials. A new test that can be performed with 
equipment the clinician already has will be easier to implement than one requiring the 
purchase of a new, expensive system. Returning to Moodie et al.’s (2011) example of 
the slow uptake of real-ear verification as a routine component of hearing aid fitting 
protocols despite ample evidence supporting improved patient outcomes, obtaining the 
necessary equipment and materials is one barrier that is commonly cited as a deterrent 
(Clark et al., 2017). Many audiologists work in settings where these purchases would 
need to be authorized by stakeholders, who must be convinced of the procedure’s value 
despite the associated costs. 
Equipment and materials are not the only potential costs for implementing a new 
test or procedure. As stated in a comment, “a test that takes a lot of clinical time is worth 
the effort if that time is appropriately reimbursed, either out-of-pocket or by 3rd parties.” 
It is difficult to justify spending time on a procedure without receiving financial 
compensation, and the procedure needs to provide enough value that a patient or 
  
 118 
insurance benefit would approve paying for it. Therefore, it is critical for billing and 
reimbursement options to be investigated as new tests are proposed. Do Current 
Procedural Terminology (CPT) codes already exist that the new test may billed under? 
What is the reimbursement rate for those codes, and does it cover the cost of 
equipment, materials, training, and office time to perform? These are questions that are 
not raised often raised during the knowledge-creation stage, but can help tailor products 
such as new protocols to be better candidates for implementation. 
FACTORS IN CLINICAL DECISION-MAKING.  
In addition to weighing factors related to using new (or existing) procedures in 
practice, audiologists make many decisions in clinical practice. Following up on Doyle 
(1989) and Boisvert et al.’s (2017) survey studies that investigated audiologists’ 
preferences for information sources, one section of the present questionnaire asked a 
series of questions regarding audiologists’ use of and preferences for different types of 
resources. Like the previous questionnaires, respondents had been presented with an 
example case scenario earlier in the survey for context, then provided a list of sources 
of information that could be used for clinical decision-making. Because the example 
patient case in the present study described a scenario in which audiometric results were 
within normal limits, a subset of choices from the Boisvert survey were included.  
Results. Respondents were first asked to select all information sources they would 
seek to inform their decision when a recommendation is not straightforward, and then 
asked to rank their selected sources from most to least influential (Table 6.2). Clinical 
experience was most frequently selected (94.1%), followed by patient preferences 
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(80.2%), peer-reviewed literature (72.3%), clinical practice guidelines (69.3%), 
information from conferences (64.4%), and colleagues’ opinions (55.5%).  
Table 6.2 In situations where the next step in testing or making a recommendation is not 
straightforward, what information source(s) and factors do you use to inform your decision? 
 Select all that apply  (n = 101) 
Rank selected items with 1 = “most important”  
(n = 85) 
 Frequency %a Mean Rank (SD)b Weighted Score 
Your own clinical experiences 94.1 2.65 (1.41) 603 
Patient preferences 80.2 2.56 (1.49) 536 
Peer-reviewed literature 72.3 2.47 (1.17) 497 
Clinical practice guidelines 69.3 2.18 (1.23) 477 
Information from conferences 64.4 4.48 (1.33) 331 
Colleagues’ opinions 55.5 4.31 (1.54) 307 
Textbooks 22.8 5.73 (1.52) 94 
Potential for Reimbursement 12.9 6.09 (1.70) 43 
Other 1.98 4.00 (1.41) 12 
a Multiple responses possible; mean number of sources identified = 4.73.           
bMean rank given by those who selected this option (1=most important). 
Discussion. Doyle (1989) and Boisvert et al. (2017) investigated which sources of 
information clinical audiologists deem important in decision-making to assess “how 
compatible the current clinical decision-making behavior is with EBP [evidence-based 
practice] and PCC [patient-centered care].” Audiologists in their study ranked clinical 
test results, clinical experience, and client preferences as most important, followed by 
peer-reviewed literature, colleagues’ opinion, experts’ opinion, manufacturers’ 
guidelines, conferences, textbooks, and media. Of those options that were included in 
the present study, the frequency with which factors were selected patterned very 







Table 6.3 Information Sources Identified as “Important” in Clinical Decision-Making 
Boisvert et al. (2017)a Current Study (2020)b 
1. Clinical Experience 1. Clinical Experience 
2. Client Opinion 2. Patient Preferences (Client Opinion) 
3. Practice Guidelines 3. Peer-reviewed Literature 
4. Peer-reviewed Literature 4. Practice Guidelines 
5. Colleagues’ Opinion 5. Conferences 
6. Conferences 6. Colleagues Opinions  
7. Textbooks 7. Textbooks 
a Items ordered by mean rating. Not shown: Audiometric results, experts' opinion, manufacturers' guidelines, media.                                                                    
b Items ordered by frequency of selection. Not shown: Potential for reimbursement, other. 
Boisvert et al. (2017) found that more of their respondents reported using 
research among other sources in difficult clinical scenarios than did Doyle’s 
respondents, implying greater attention towards empirical evidence from 1989 to 2017. 
In the present study, 72% of responding audiologists identified peer-reviewed literature 
as an important source of information to advise their decision-making when the next 
step is not straightforward, while open-ended responses in the Boisvert et al. (2017) 
study indicated 21% of respondents would use publications [textbooks, journals, other 
publications] combined with other sources of information in a scenario in which there 
was no clear solution. In all of the above studies, peer-reviewed literature and textbooks 
were less favored than clinical experience and patient or client preference, which 
consistently are reported as important factors for decision-making across studies. While 
clinical experience and patient preferences are considered “important,” Boisvert et al. 
(2017) found that these factors’ reliability rankings were significantly lower than 
published information, which was ranked more reliable than important. Clinicians must 
carefully weigh both the importance and reliability of multiple sources of information 
when a next step is not clear.  
Exploring information sources sought by clinical audiologists is of value to 
researchers and potentially professional organizations who are invested in the 
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successful implementation of evidence-based practice (EBP) in the clinic. First, the 
extent to which EBP is being utilized in clinical settings is difficult to measure. While 
licensed audiologists are expected to follow clinical practice guidelines and undertake 
required continuing education, there is not a way to monitor the consistent use of 
established best practices, nor the uptake of new methods. For this reason, periodic 
survey-based research can be a valuable tool in gauging the implementation of well-
established or innovative practices (Clark et al., 2017).  
Additionally, a better understanding of the resources that clinicians seek can help 
guide researchers to disseminate findings effectively. While there are several factors 
that contribute to this knowledge translation “gap,” dissemination pathways like peer-
reviewed journals and conferences entail obstacles from the outset. An ASHA Leader 
newsmagazine article eloquently outlines problems and recommendations for research 
translation from multiple stakeholder perspectives: practitioners, scientists, businesses 
and influencers, and state and national organizations (Harold, 2019). Both this article 
and a meta-analysis by Cabana et al. (1999) identify barriers for clinicians regarding 
these dissemination methods including overwhelming quantities of information, the 
amount of time needed to read, and access to these resources. Many clinicians outside 
of academic institutions do not have access to a plethora of journals, dedicated time to 
read articles, or time or resources to go to conferences. However, in the present study, 
a majority of respondents report that they consider peer-reviewed literature important, 
and it was most frequently selected after clinical experience and patient preferences. 
These audiologists likely have access to peer-reviewed literature via professional 
organizations, which offer access to their journals as a benefit of membership. ASHA 
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membership for audiologists includes access to all ASHA journals (those relevant 
include the American Journal of Audiology; Journal of Speech, Language, and Hearing 
Research; and Perspectives of the ASHA Special Interest Groups), and AAA 
membership includes online access to the Journal of the American Academy of 
Audiology. These journals are a consistently accessible source of peer-reviewed 
literature for clinical audiologists who are members of these organizations, and the 
research included in them is geared towards a clinically-practicing audience. However, 
recommending more scientists to publish through these journals would be an 
oversimplified means to address the gap. Dissemination of research findings to 
clinicians is only a secondary concern if the findings themselves do not have clear, 
feasible clinical implications. 
CONCLUSION. 
 Research findings that have direct clinical application are most salient to 
audiologists; thus, clinical and translational research aiming towards clinical 
implementation should be cognizant of audiologists’ priorities. The primary factor that 
audiologists consider when a new test or tool is reported is its influence on diagnostics 
and intervention. This is weighed alongside costs of implementation, such as obtaining 
equipment and materials, comfort of the patient, reimbursement for providing the 
service, and time to learn and perform the procedure. These general findings echo the 
concerns raised regarding an OAE-based test of MOC function in Chapter V and can 
assist future research in anticipating the reception of findings in a clinical setting. 
Research findings can and do permeate into clinical settings through peer-reviewed 
literature, which closely follows clinical experience and patient preference as heavily 
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weighted sources of information when faced with difficult clinical decisions. Use of 
written resources, such as peer-reviewed literature and clinical practice guidelines, has 






VII. General Discussion of Findings and Future Directions. 
 
It has been well-established that there is large variability between individuals’ 
susceptibility to noise-induced hearing loss. Recent work has galvanized the auditory 
research and clinical communities to re-evaluate the physiologic and perceptual 
consequences of noise-induced damage, as well as the sensitivity of the tools we use to 
measure auditory deficits in individuals that traditionally, would be deemed “normal 
hearing” based on audiometric thresholds alone. Resources have been invested into 
research with the intent to provide tools that could be clinically implemented to detect 
the earliest signs of noise damage, either to identify individuals and provide hearing 
conservation education to minimize further damage, or to validate suprathreshold 
deficits that may present as perceived hearing difficulties despite a “normal” audiogram.  
The auditory efferent system is suspected to be one potential source of variation 
in individuals’ vulnerability to noise damage, whether apparent as a threshold shift or 
subclinically. Specifically, the medial olivocochlear system has been shown to predict 
vulnerability to noise damage in animal models and proposed as a possible tool to 
identify “tough” versus “tender” ears in humans. Therefore, this dissertation aimed to 
investigate aspects of the medial olivocochlear reflex, inferred by contralateral 
suppression of OAEs, in humans with clinically normal hearing. Though it is outside of 
the scope of this dissertation to validate its use as a predictor of vulnerability to noise 




In Part 1, encompassing Chapters III and IV, measures of afferent auditory 
function, noise exposure, and musical training, were examined alongside suppression of 
TEOAEs in clinically normal hearing, young adult listeners.  
Chapter III addressed the reliability of suppression across time, both at a group 
and individual level. Suppression was measured across 5 test sessions, spanning from 
1 day to 6 months apart. Using a battery of statistical analyses, suppression was overall 
found to remain stable within individuals across sessions. At this time, there are not 
widely agreed upon normative data for suppression, nor for the amount of change 
between sessions that would be considered clinically significant. It is known that 
suppression can be altered through auditory training (de Boer & Thornton, 2008) in as 
few as 5 days, but it was unclear whether a relationship between noise exposure and 
suppression would manifest as short-term fluctuations in suppression due to noise 
exposure (Bhatt, 2017). Because the majority of the variance in suppression (dB) 
measured in this dataset was explained by differences between individuals rather than 
within, there do not appear to be statistically significant fluctuations between session. As 
an exploratory analysis, noise dose measured the day preceding testing was added to a 
mixed effects model and did not significantly predict variance in suppression nor 
improve the model. This reinforces the conclusion that suppression is a stable 
measurement within an individual, barring significant physiologic changes such as 
targeted training, and that noise exposure the day before testing does not alter an 
individual’s MOCR strength.  
In Chapter IV, musicians were investigated as a population of interest that has 
been reported to demonstrate enhanced MOCRs compared to non-musicians. Though 
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multiple, potentially concomitant, hypotheses have been put forth regarding the 
mechanisms by which MOCR function is associated with musical training, it remains 
unclear why this enhancement may exist. Drawing from previous human and animal 
literature, this study tested two hypotheses regarding how noise exposure may affect 
the relationship between musical training and MOC suppression effects. Neither a group 
difference in suppression between musicians and non-musicians nor a direct 
relationship between years of musical training and suppression of TEOAEs were found 
in the current study. Upon close inspection of the literature, a musician enhancement of 
suppression is not ubiquitously found, especially when musicianship is treated as a 
continuous variable. Previous studies have not taken noise exposure into account. In 
the current sample, a nearly significant relationship between musical training and 
suppression was revealed only when weeklong noise dose and sex were controlled for. 
In conjunction with findings from Chapter III, this suggests that while noise exposure the 
day prior to testing does not significantly influence suppression, noise exposure may 
play a subtle role that could become evident upon exceeding an unknown critical value.  
For Part 2, encompassing Chapters IV and V, a survey was distributed to clinical 
audiologists in order to gather input regarding the clinical application of an OAE-based 
assessment of MOC function, document current practices for subclinical hearing loss 
and perspectives on hearing conservation, and collect input to help researchers tailor 
“products” and dissemination of future work for the clinic. 
Chapter V detailed the results of sections of the survey specific to clinical 
application of MOCR and subclinical hearing loss. Responses indicated that a 
suppression of OAE paradigm is overall well-suited for clinical uptake, but further 
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consideration to its influence in diagnosing and making recommendations for patients is 
needed. Clinical audiologists do see a need for more public education about hearing 
conservation and tools more sensitive to noise-induced damage, but there are several 
barriers to the use of existing tests that would likely also affect novel procedures. 
In Chapter VI, responses regarding uptake of research in audiology were 
reported. Priorities for novel procedures in general were described and proved similar to 
anticipated barriers and facilitators of OAE-based MOCR testing. Peer-reviewed 
literature was the most frequently selected source of information after audiologists’ own 
clinical experience and patient preferences, indicating that audiologists are seeking 
evidence to inform clinical decision-making when the next step is unclear. 
From the literature read and research conducted for these chapters, two broad 
themes emerged that deserve elaboration in this concluding chapter. First, research on 
the olivocochlear system is plenty, but largely inconclusive at this time due to 
heterogeneity in methodology and reporting. Second, communication between 
researchers and audiologists merits greater promotion. 
MEDIAL OLIVOCOCHLEAR REFLEX TESTING. 
 
 As eloquently stated by Boothalingam et al. (2018), “Perhaps the lack of a 
standardized protocol for evaluating efferent strength has hindered the integration of 
findings to infer their functional relevance to human hearing.” Chapter II briefly reviewed 
the several parameters that comprise an OAE-based MOCR protocol, including the 
probe stimulus type and intensity level, suppressor type and level, and whether the 
suppressor is presented contralaterally, ipsilaterally, or bilaterally. Within each of these 
parameters come further variation in spectral and temporal constraints. The copious 
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permutations of these parameters are represented in the literature, making it difficult to 
compare results across studies even when they are examining similar populations or 
aspects of the auditory system. Murdin and Davies (2008) compile an approachable 
review of proposed clinical applications of OAE suppression testing, listing a variety of 
neurological disorders including cerebellopontine angle tumors, multiple sclerosis, 
myasthenia gravis, migraine; and auditory disorders including exposure to hazardous 
noise, tinnitus/hyperacusis, King-Kopetzy syndrome/obscure auditory dysfunction 
(terms for patients with hearing difficulties in background noise and normal audiograms 
that generally fall under “subclinical hearing loss”), and auditory neuropathy spectrum 
disorder. They also list screening applications, including neonatal hearing loss, 
vulnerability to noise exposure, and ototoxic agents. This long list illustrates that there 
has been substantial interest and exploration of clinical applications for MOCR testing, 
yet none of these applications have sufficient evidence to support routine, widespread 
use. The studies done on each of these topics encompass heterogeneous 
methodologies as discussed prior, but an additional layer that complicates 
generalizability of MOCR findings in humans is the way that suppression effects are 
characterized. 
 In the Chapter IV discussion of the general consensus that musicians have 
enhanced suppression, methodologies of studies spanning the decades between the 
introduction of OAE suppression testing in humans and present day were elucidated. 
Suppression has commonly been reported as a raw dB effect. The raw dB effect is 
simply CAS-on	OAE	–	CAS-off	OAE	; the difference between the OAE amplitude with the 
suppressor on (CAS-on) and in the baseline condition (CAS-off), such that positive 
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values indicate suppression due to CAS. Arguments have been made that the raw dB 
effect may be biased by differences in participants’ baseline OAE levels (Backus & 
Guinan, 2007; Garinis et al., 2011; Mishra & Lutman, 2013), while “referencing to 
baseline amplitude eliminates biases related to inter-subject differences in magnitude of 
the CEOAE” (Mishra & Lutman, 2014). Thus, the normalized suppression effect can be 
calculated by ./!0()	3/4	0	./!0(11	3/4	
./!0(11	3/4
	× 	100 to yield the percentage change in OAE due to 
CAS that takes into account initial OAE strength. Some authors have converted OAE 
amplitudes to a linear scale referenced to 20 micro pascals to normalizing (Bhatt, 2017; 
Mishra & Lutman, 2013, 2014), while others have not (Stuart & Butler, 2012; Stuart & 
Cobb, 2015; Stuart & Daughtrey, 2016; Stuart & Kerls, 2018), leading to further lack of 
standardization.  
As a specific example, Garinis et al. (2011) found no difference between right 
and left ears when suppression was indexed as a raw dB effect, but suppression was 
greater in the left ear when normalized to baseline in each participant. One 
interpretation of this is that normalizing allowed a true differences in the ears’ 
suppression to emerge. Alternately, Stuart and Kerls (2018) explain that they believe 
both ear and sex differences in suppression to be spurious effects that occur with 
normalization when there is not initially a relationship between baseline OAE and raw 
suppression, as was the case in their study which compared both raw and normalized 
suppression between right and left ears, and between males and females. In other 
words, if raw suppression is not dependent on (proportional to) OAE amplitude and 
differences in baseline OAE amplitudes exist, normalization can erroneously create a 
significant difference (Table 3 demonstrates a simplified, hypothetical example).  
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 No relationship between 
OAE & dB Suppression 
Relationship between OAE 
& dB Suppression 
 Left Ear Right Ear Right Ear Left Ear 
Baseline OAE Amplitude (dB SPL) 
CAS-off, “Quiet” 6.00  10.0 6.00  10.0 
OAE Amplitude with Elicitor (dB SPL) 
CAS-on, “Noise” 4.00  8.00  3.00  5.00  
Suppression (dB) 
= Quiet trial – Noise trial 2.00  2.00  3.00  5.00  
Suppression (%)  
= (Quiet trial – Noise trial)/Quiet trial*100 33.3% 20.0%     50.0% 50.0%     
Table 3. Hypothetical example of how different conclusions can be drawn when comparing raw versus normalized 
suppression. 
Based on these studies by Garinis et al. (2011) and Stuart and Kerls (2018) showing 
different results depending on the metric, researchers should report whether a 
relationship between raw suppression in dB and baseline OAE amplitude exists in their 
dataset and provide clear justification for the decision to present either raw or 
normalized results. Logically, an index of MOC function that is independent from OAE 
strength is preferable for evaluating efferent function, and several studies have explicitly 
reported no significant relationship between TEOAEs and raw suppression (Hood et al., 
1996; Khalfa et al., 1998; Perrot et al., 1999; Stuart & Butler, 2012; Stuart & Kerls, 
2018). In the data analyzed for Chapters III and IV, there was not a significant 
relationship between baseline OAEs and dB suppression13 (Chapter III: rho = .140, p = 
.095, Chapter IV: r = -0.76, p = .649); thus, analyses were reported with the raw dB 
suppression values. These results and those previously cited do not rule out the 
possibility that raw suppression effects and baseline OAEs can be confounded in other 
                                            
13 In Chapter III, data from 30 participants each undergoing five test sessions are evaluated. A Spearman 
correlation was chosen to check for a relationship between quiet TEOAE amplitude and suppression (dB) 
because raw suppression did not pass a Shapiro-Wilk test of normality (W(144) =.959, p = <.001). 
  In Chapter IV, data from one test session is evaluated. A Pearson’s correlation was chosen to check for 
a relationship between quiet TEOAE amplitude and suppression (dB) because normality test results 
retain the hypothesis that both variables are normally distributed (Quiet OAE: W(38) =.987, p = <.926; 
Suppression: W(38) =.945, p = .061).  
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datasets. If raw suppression is dependent on initial OAE amplitude, normalization 
should be carried out to account for that relationship when making comparisons. This 
phenomenon will need to be adequately addressed before suppression of OAE 
methodology can be implemented into the clinic.  
RESEARCH AND CLINICAL AUDIOLOGY.  
 
Results from Part 2 broadly demonstrate that scientists and clinicians can be 
brought together by topics that each have the expertise to address from different 
perspectives. Chute (2013) writes, “Clinicians must view themselves as integral to the 
process of scientific research by contributing important clinical questions that require 
answers, as well as participating in the assessment and treatment protocols.” Likewise, 
“researchers must understand that many factors will affect implementation success and, 
in turn, that the strategies for addressing these factors need to be methodically 
examined and measured” (Olswang & Prelock, 2015). There is a vast literature of 
implementation science in healthcare, and communication disorders professions have 
recently begun adapting these frameworks to narrow the knowledge translation gap and 
better serve patients with evidence-based practice. 
Knowledge translation research, or implementation science, is the study of the 
process of putting knowledge into action (Straus et al., 2011) and provides a literature 
describing barriers and facilitators of utilizing research in healthcare settings, as well as 
frameworks to promote collaboration amongst stakeholders such as researchers, 
clinicians, patients, and policymakers (Harrison, Legare, Graham, & Fervers, 2010). 
Clinical adoption of knowledge (a new test, method, diagnosis, behavior) is often a slow 
process, even in cases when there is a clinical need. It is reported that using the 
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traditional research pipeline, it takes 17 years for only 14% of research findings to be 
adapted into every practice (Balas & Boren, 2000; Green, Ottoson, Garcia, & Hiatt, 
2009). The traditional research pipeline is a “researcher-driven hierarchical approach,” 
in which researchers’ findings are published in peer-reviewed journals, presented at 
conferences, or incorporated into textbooks, and clinicians are expected and required to 
stay updated with the constant additions to the knowledge base through continuing 
education- reading publications, attending conferences and workshops, and completing 
online courses (Moodie et al., 2011). For example, the American Speech-Language-
Hearing Association (ASHA) requires audiologists and speech language pathologists to 
log 30 professional development hours over a 3-year interval to maintain a Certification 
of Clinical Competence (ASHA, 2020b). This approach entails numerous, well-
documented challenges leading to the reported loss of time and information, which is 
colloquially referred to as a “gap” (Straus et al., 2011). 
As more attention is placed on use of the taxpayer dollar and healthcare costs 
balloon with a large aging population (Candian Institute of Health Research [CIHR], 
2016; Douglas & Burshnic, 2019; Graham et al., 2006), addressing this gap between 
research and clinical practice to increase efficiency and efficacy is imperative. In 
response, over 60 frameworks have been developed to guide integrated efforts (Nilsen, 
2015). For example, the Knowledge-To-Action Cycle (Graham et al., 2006), has been 
adopted by the Canadian Institutes of Health Research to guide their commitment to 
end-of-grant and integrated knowledge translation as part of their commitment to 
strengthen and accelerate advances in healthcare (CIHR, 2016). Generally, knowledge 
translation literature instructs that the “end-users of the knowledge are included in the 
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entire process to ensure that the knowledge and its subsequent implementation are 
relevant to their needs” (Straus et al., 2011). Early input from end-users is important 
because while some factors leading to a knowledge translation gap are ubiquitous 
across healthcare disciplines and can be generalized, many are discipline-specific (ex: 
audiology), setting-specific (ex: small private practices versus large hospitals), and 
innovation-specific (ex: real ear verification).  
There are relatively few peer-reviewed articles in which knowledge translation is 
considered in the discipline of audiology (Boisvert et al., 2017; Doyle, 1989; Moodie et 
al., 2011). Moodie et al. (2011) describe how uptake of research in audiology practice 
can be rapid, such as pediatric audiologists’ use of a 1000 Hz probe-tone frequency 
when 226 Hz had been standard, or slow, such as use of real-ear probe-microphone 
measurements for fitting and verifying hearing aids. Boisvert et al.’s (2017) survey 
evaluated how clinical decisions are made in audiology and found that clinicians did not 
rank peer-reviewed literature or information learned at conferences as most important. 
They concluded that the current model of knowledge translation in audiology, in which 
evidence is disseminated through peer-reviewed literature and conferences, “may not 
be sufficient for effective implementation of these practices in clinical settings” and 
suggests that an “integrated model of knowledge translation,” in which clinicians are 
involved in the research process, would be beneficial in supporting implementation of 
research findings into clinical practice. The current survey study indicates that 
audiologists do reference peer-reviewed literature, but it is likely that literature with more 
direct clinical implications reaches them. Therefore, the call for clinician involvement 
early in the research process to contribute their expertise in shaping questions and 
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dissemination of findings remains valid. Part 2 of this dissertation contributes to 
knowledge translation in audiology by demonstrating the use of a survey study as a 
means of communication between researchers and clinicians. Much work remains to be 
done in this area, but collecting perspectives and input from a broad sample of clinicians 
allowed the organization of information that can serve to inform research throughout its 
creation. Here, a specific “product” (OAE-based tests of MOCR) was brought before 
potential end-users to confirm its feasibility for clinical implementation pending validation 
of its proposed uses. This motivates and justifies future work on MOCRs in humans, 
enhancing credibility of statements that promote potential clinical application. Several 
other useful areas of information were gathered that may be used by researchers to 
motivate future directions in their topics of interest. 
Despite the relative paucity of articles explicitly addressing the relationship 
between clinical practice and research in audiology, knowledge translation is rapidly 
gaining recognition as a need in communication sciences and related disorders fields.14 
As of 2019, the American Speech-Language-Hearing Association’s “Perspectives of the 
ASHA Special Interest Groups” became a scholarly review journal providing “content 
                                            
14 ASHA has begun targeted efforts by creating the Clinicians and Researchers Collaborating (CLARC) 
online network that facilitates partnerships researchers and clinicians 
(https://www.asha.org/academic/CLARC/) and the Clinical Research Education (CREd) online library with 
resources for the “conduct and advancement of a high-quality program of clinical practice research” 
(https://academy.pubs.asha.org/cred/). The Perspectives of the ASHA Special Interest Groups publication 
is a peer-reviewed scholarly review journal “focused on bridging the gap from research to practice and 
advancing knowledge translation in the field,” and its first 2019 issue included a dedicated forum of 
tutorials on implementation science, titled “Putting Research Into Practice: Tutorials on Clinical Research, 
Implementation Science, and Evidence-Based Practice” (Perspectives, Volume 4, Issue 1). To help 
clinicians efficiently make evidence-based decisions, ASHA's National Center for Evidence-Based 
Practice in Communication Disorders (N-CEP) creates evidence maps that include systematic syntheses 
of external scientific evidence, clinical expertise, and client perspectives 
(https://www.asha.org/Education.aspx#Evidence-Maps). These maps are also linked through the Practice 




focused on facilitating movement between (a) knowledge gained from research and (b) 
knowledge applied in practice” (Finn, Beverly, Ciccia, & Cone, 2019), with the first issue 
authored by members of their Committee on Clinical Research, Implementation 
Science, and Evidence-Based Practice. An article in the American Academy of 
Audiology’s (AAA) periodical, Audiology Today, reported a results of survey inspecting 
current audiology practice patterns and how they compare to evidence-based practice, 
confirming a knowledge-to-action gap between what is reportedly done and what is 
deemed best practice (Clark et al., 2017). This and the recently published tutorials in 
this first issue strongly urge collaboration between scientists and clinicians throughout 
the knowledge creation and implementation process to achieve the central goal of 
understanding the auditory system so that we may best maintain and optimize its 
function. In regards to audiologists’ role in using current and emerging tools for patients 
with subclinical hearing loss, one survey response embodied an optimistic future for 
audiology: “Our doctoring education specifically positions us as point-of-entry primary 
care doctors for audio-vestibular disorders... We need to open our minds, become 
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Appendix A. Quiet Period Instructions for Part I, Chapter III. 
Developed by J. Tufts 
 
QUIET PERIOD GUIDELINES 
When?  From now until you come back tomorrow 
What?  Stay as quiet as you can 
Why?  So that your hearing will be at its sharpest tomorrow   
 
Examples of places to avoid: 
● Any large gathering of people, even if there is no music in the background 
● Social gathering of any size in house or dorm 
● Dining hall 
● Most restaurants 
● Bar 
● Movie theatre 
● Music performance or rehearsal 
● Gym, weight room, spin class 
● Sporting event (either watching in person or on TV with others) 
 
Examples of activities to avoid: 
● Driving or riding in a car** 
● Riding the bus or subway** 
**If you must drive or ride, keep the music off and don’t talk on the phone 
● Talking on the phone or video-chatting for a long time 
● Playing a musical instrument or singing 
● Watching TV/playing video games while talking with others 
● Having music/TV on in the background 
 
Other guidelines: 
● Do not wear headphones/earbuds 
● Avoid sudden loud sounds or explosive sounds 
 
Okay to: 
● Use hairdryer briefly 
● Watch TV/play video games if you keep the volume low, don’t wear 
headphones/earbuds, and there is little or no conversation in the room 
 




Appendix B. Statistical Models for Chapter III. 
 
 
















Model 2. Mixed effects model with Session as fixed effect and ID as random effect. 
 
 Model 2A (All Sessions) Model 2B (Without Session 1) 
 Suppression (dB) Suppression (dB) 
Predictors Estimates CI p Estimates CI p 
(Intercept) 2.36 2.00 – 2.73 <0.001 2.14 1.77 – 2.50 <0.001 
Session [2] -0.23 -0.34 – -0.12 <0.001    
Session [3] -0.14 -0.25 – -0.03 0.010 0.08 -0.02 – 0.19 0.129 
Session [4] -0.23 -0.34 – -0.12 <0.001 -0.01 -0.11 – 0.10 0.923 
Session [5] -0.27 -0.38 – -0.16 <0.001 -0.04 -0.15 – 0.07 0.452 
Random Effects       
σ2 0.18 0.17 
τ00 1.01 ID 0.99 ID 
ICC 0.85 0.85 
N 30 ID 30 ID 
Observations 574 463 











 Model 1 
  Suppression (dB) 
Predictors Estimates CI p 
(Intercept) 2.29 2.09 – 2.49 <0.001 
Session [2] -0.07 -0.35 – 0.21 0.641 
Session [3] -0.04 -0.32 – 0.24 0.773 
Session [4] -0.16 -0.44 – 0.12 0.256 
Session [5] -0.24 -0.52 – 0.04 0.093 
Observations 574   
R2 / R2 adjusted 0.007 / -0.000   
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Model 3. Mixed effects model with Session & Noise Dose as fixed effects and ID as 
random effect. 
 
 Model 3A (All Sessions) Model 3B (Without Session 1) 
 Suppression (dB) Suppression (dB) 
Predictors Estimates CI p Estimates CI p 
(Intercept) 2.36 2.00 – 2.73 <0.001 2.14 1.77 – 2.51 <0.001 
Noise Dose Day Before -0.00 -0.00 – 0.00 0.413 -0.00 -0.00 – 0.00 0.163 
Session 2 -0.23 -0.34 – -0.12 <0.001    
Session 3 -0.14 -0.25 – -0.03 0.012 0.09 -0.02 – 0.20 0.115 
Session 4 -0.22 -0.33 – -0.11 <0.001 0.00 -0.10 – 0.11 0.932 
Session 5 -0.26 -0.37 – -0.15 <0.001 -0.04 -0.15 – 0.07 0.505 
Random Effects       
σ2 0.18 0.17 
τ00 1.01 ID 1.00 ID 
ICC 0.85 0.85 
N 30 ID 30 ID 
Observations 574 463 






Model Comparison using Bayesian Information Criterion (BIC). 
 
 df BIC 
Model 1 6 1735.1 
Model 2A 7 828.8 
Model 2B 6 681.7 
Model 3A 8 851.8 











Appendix C. Clinical Perspectives Survey. 
 
Clinical Perspectives on Hearing Research on 
Noise Exposure 
 
Start of Block: Demographics 
 
Q1.1 You are invited to participate in this survey of audiologists’ perspectives on 
hearing research. I am a doctoral student at the University of Connecticut, and I am 
conducting this survey as part of my dissertation. I am interested in finding out how 
audiologists currently manage individuals with clinically-normal hearing thresholds who 
perceive hearing problems and audiologists’ perception of the need for and challenges 
of incorporating research on early identification of noise-induced hearing loss into 
practice. You are eligible if you are a licensed audiologist practicing in the United 
States.   
 Your participation in this study will require completion of an online questionnaire. This 
should take approximately 15 minutes of your time. Your participation will be 
anonymous and you will not be contacted again in the future. This survey does not 
involve any risk to you. However, the benefits of your participation may impact society 
by helping increase researchers' understanding of clinical needs and obstacles to 
application of findings. After completing the survey, you may choose to be entered for a 
chance to win one of three $50 Amazon gift-cards.   
 You do not have to be in this study if you do not want to be. You do not have to answer 
any question that you do not want to answer for any reason.  We will be happy to 
answer any questions you have about this study. If you have further questions about 
this project or if you have a research-related problem, you may contact me, Sarah 
Camera at sarah.camera@uconn.edu, or my advisor, Erika Skoe at 
erika.skoe@uconn.edu. If you have any questions about your rights as a research 
participant you may contact the University of Connecticut Institutional Review Board 
(IRB) at 860-486-8802.  The IRB is a group of people who review research studies to 
protect the rights and welfare of research participants.  
 
 
Q1.2 By completing the survey, you are agreeing to participate in this study. 
o I wish to complete the survey.  
o I do not wish to complete the survey.  
 
Skip To: End of Survey If By completing the survey, you are agreeing to participate in this study. = I do not wish to 





Q1.3 How many years have you been licensed as an Audiologist? 
________________________________________________________________ 
 
Q1.4 What is your current primary employment setting? 
o College/University  
o Hospital  
o Franchise/ Retail Chain  
o Private Practice (with ENT)  
o Private Practice (without ENT)  
o Industry  
o Other ________________________________________________ 
 
 
Q1.5 In which U.S. state do you practice? 
▼ Alabama ... Outside of U.S. 
 
Skip To: End of Survey If In which U.S. state do you practice? = Outside of U.S. 
 




End of Block: Demographics 
 
Start of Block: Patient Scenario 
 
Q2.1 A middle-aged patient reports hearing difficulties, especially with understanding 
speech in background noise. She denied having previous otologic conditions or 
medications. She did report some noise exposure from firearm and power tool use 
when she was younger, from working for a few years in a printing factory, and from 
occasional concert attendance.  Audiometry revealed hearing thresholds within normal 
limits; most thresholds fell between 10 - 20 dB HL. Speech reception thresholds (SRTs) 





Q2.2 How would you proceed with testing? 
 Select all that apply. 
▢ Subjective questionnaire (Ex- Hearing Handicap Inventory for Adults)  
▢ Speech in noise testing (Ex- QuickSIN)  
▢ Extended high frequency audiometry (8 kHz - 20 kHz)  
▢ OAEs  
▢ Perform or refer for ABR testing  
▢ Perform or refer for CAPD testing  
▢ Not perform further testing  









Q2.3 Please rank the likelihood that you would proceed with each test (most likely at the 
top). 
Drag and drop to move position. 
______ Subjective questionnaire (Ex- Hearing Handicap Inventory for Adults) 
______ Speech in noise testing (Ex- QuickSIN) 
______ Extended high frequency audiometry (8 kHz - 20 kHz) 
______ OAEs 
______ Perform or refer for ABR testing 
______ Perform or refer for CAPD testing 
______ Not perform further testing 
______ Other/ Comments 
 
 
Display This Question: 
If How would you proceed with testing?Select all that apply. != Subjective questionnaire (Ex- Hearing Handicap 
Inventory for Adults) 
 
Q2.4 I would not proceed with a subjective questionnaire for the following reason(s): 
▢ Due to lack of equipment/materials  
▢ Due to lack of expertise in administering the test  
▢ Due to lack of expertise in interpreting the test results  
▢ Due to lack of time (too time consuming)  
▢ Due to concerns regarding billing & reimbursement  
▢ It is not indicated by the case history or existing test results  
▢ It will not change the outcome of how I manage the patient  






Display This Question: 
If How would you proceed with testing?Select all that apply. != Speech in noise testing (Ex- QuickSIN) 
 
Q2.5 I would not proceed with a speech in noise test for the following reason(s): 
▢ Due to lack of equipment/materials  
▢ Due to lack of expertise in administering the test  
▢ Due to lack of expertise in interpreting the test results  
▢ Due to lack of time (too time consuming)  
▢ Due to concerns regarding billing & reimbursement  
▢ It is not indicated by the case history or existing test results  
▢ It will not change the outcome of how I manage the patient  




Display This Question: 





Q2.6 I would not proceed with extended high frequency audiometry (8 kHz - 20 kHz) 
for the following reason(s): 
▢ Due to lack of equipment/materials  
▢ Due to lack of expertise in administering the test  
▢ Due to lack of expertise in interpreting the test results  
▢ Due to lack of time (too time consuming)  
▢ Due to concerns regarding billing & reimbursement  
▢ It is not indicated by the case history or existing test results  
▢ It will not change the outcome of how I manage the patient  




Display This Question: 




Q2.7 I would not proceed with OAEs for the following reason(s): 
▢ Due to lack of equipment/materials  
▢ Due to lack of expertise in administering the test  
▢ Due to lack of expertise in interpreting the test results  
▢ Due to lack of time (too time consuming)  
▢ Due to concerns regarding billing & reimbursement  
▢ It is not indicated by the case history or existing test results  
▢ It will not change the outcome of how I manage the patient  




Display This Question: 




Q2.8 I would not proceed with ABR testing for the following reason(s): 
▢ Due to lack of equipment/materials  
▢ Due to lack of expertise in administering the test  
▢ Due to lack of expertise in interpreting the test results  
▢ Due to lack of time (too time consuming)  
▢ Due to concerns regarding billing & reimbursement  
▢ It is not indicated by case history or current test results  
▢ It will not change the outcome of how I manage the patient  




Display This Question: 




Q2.9 I would not proceed with CAPD testing for the following reason(s): 
▢ Due to lack of equipment/materials  
▢ Due to lack of expertise in administering the test  
▢ Due to lack of expertise in interpreting the test results  
▢ Due to lack of time (too time consuming)  
▢ Due to concerns regarding billing & reimbursement  
▢ It is not indicated by case history or current test results  
▢ It will not change the outcome of how I manage the patient  










A middle-aged patient reports hearing difficulties, especially with understanding 
speech in background noise. She denied having previous otologic conditions or 
medications. She did report some noise exposure from firearm and power tool 
use when she was younger, from working for a few years in a printing factory, 
and from occasional concert attendance.  Audiometry revealed hearing 
thresholds within normal limits; most thresholds fell between 10 - 20 dB HL. 
Speech reception thresholds (SRTs) were 15 dB HL and word recognition scores 
(WRS) were 100% at 50 dB HL in quiet, bilaterally. 
You've also completed further testing, which may have included:- Subjective 
Questionnaires- Speech in noise testing- Extended high frequency audiometry- OAEs- 




Q2.11 Besides a subjective questionnaire, all of the tests indicate results within 
normal limits. After explaining this to the patient, how would you proceed with 
counseling and intervention?  Select all that apply. 
▢ Counsel about good communication strategies  
▢ Counsel about noise-induced hearing loss  
▢ Recommend hearing protection and instruct on proper use  
▢ Recommend to return if a change in hearing is noticed  
▢ Recommend a remote microphone  
▢ Recommend a hearing aid with mild gain  
▢ Recommend a PSAP or OTC aid  
▢ Recommend auditory training  






Display This Question: 
If Besides a subjective questionnaire, all of the tests indicate results within normal limits. After... != Counsel 
about good communication strategies 
 
Q2.12 I would not proceed by counseling about good communication strategies for the 
following reason(s): 
▢ Due to lack of expertise  
▢ Due to lack of time (too time consuming)  
▢ Due to concerns regarding billing & reimbursement  
▢ It is not appropriate for or will not benefit this patient  
▢ It is unlikely this patient would be interested  




Display This Question: 
If Besides a subjective questionnaire, all of the tests indicate results within normal limits. After... != Counsel 




Q2.13 I would not proceed by counseling about noise-induced hearing loss for the 
following reason(s): 
▢ Due to lack of expertise  
▢ Due to lack of time (too time consuming)  
▢ Due to concerns regarding billing & reimbursement  
▢ It is not appropriate for or will not benefit this patient  
▢ It is unlikely this patient would be interested  




Display This Question: 
If Besides a subjective questionnaire, all of the tests indicate results within normal limits. After... != 




Q2.14 I would not proceed by recommending hearing protection and instructing on 
proper use for the following reason(s): 
▢ Due to lack of expertise  
▢ Due to lack of time (too time consuming)  
▢ Due to concerns regarding billing & reimbursement  
▢ It is not appropriate for or will not benefit this patient  
▢ It is unlikely this patient would be interested  




Display This Question: 
If Besides a subjective questionnaire, all of the tests indicate results within normal limits. After... != 




Q2.15 I would not proceed by recommending to return if a change in hearing is 
noticed for the following reason(s): 
▢ Due to lack of expertise  
▢ Due to lack of time (too time consuming)  
▢ Due to concerns regarding billing & reimbursement  
▢ It is not appropriate for or will not benefit this patient  
▢ It is unlikely this patient would be interested  




Display This Question: 
If Besides a subjective questionnaire, all of the tests indicate results within normal limits. After... != 




Q2.16 I would not proceed by recommending a remote microphone for the following 
reason(s): 
▢ Due to lack of expertise  
▢ Due to lack of time (too time consuming)  
▢ Due to concerns regarding billing & reimbursement  
▢ It is not appropriate for or will not benefit this patient  
▢ It is unlikely this patient would be interested  




Display This Question: 
If Besides a subjective questionnaire, all of the tests indicate results within normal limits. After... != 




Q2.17 I would not proceed by recommending a hearing aid with mild gain for the 
following reason(s): 
▢ Due to lack of expertise  
▢ Due to lack of time (too time consuming)  
▢ Due to concerns regarding billing & reimbursement  
▢ It is not appropriate for or will not benefit this patient  
▢ It is unlikely this patient would be interested  




Display This Question: 
If Besides a subjective questionnaire, all of the tests indicate results within normal limits. After... != 




Q2.18 I would not proceed by recommending a PSAP or OTC aid for the following 
reason(s): 
▢ Due to lack of expertise  
▢ Due to lack of time (too time consuming)  
▢ Due to concerns regarding billing & reimbursement  
▢ It is not appropriate for or will not benefit this patient  
▢ It is unlikely this patient would be interested  




Display This Question: 
If Besides a subjective questionnaire, all of the tests indicate results within normal limits. After... != 




Q2.19 I would not proceed by recommending auditory training for the following 
reason(s): 
▢ Due to lack of expertise  
▢ Due to lack of time (too time consuming)  
▢ Due to concerns regarding billing & reimbursement  
▢ It is not appropriate for or will not benefit this patient  
▢ It is unlikely this patient would be interested  








End of Block: Patient Scenario 
 
Start of Block: Factors for Clinical Decision-Making 
 
Q3.1 In situations where the next step in testing or making a recommendation is not 
straightforward, what information source(s) and factors do you use to inform your 
decision?   
Select all that apply. 
▢ Patient preferences  
▢ Clinical practice guidelines  
▢ Peer-reviewed literature  
▢ Colleagues' opinions  
▢ Your own clinical experience  
▢ Information from conferences  
▢ Text books  
▢ Potential for reimbursement  
▢ Other: ________________________________________________ 
 
 
Carry Forward Selected Choices from "In situations where the next step in testing or making a recommendation is 






Q3.2 Please rank their priority in your decision-making (most influence at the top). 
 Drag and drop to move position.   
  
______ Patient preferences 
______ Clinical practice guidelines 
______ Peer-reviewed literature 
______ Colleagues' opinions 
______ Your own clinical experience 
______ Information from conferences 
______ Text books 
______ Potential for reimbursement 
______ Other: 
 
End of Block: Factors for Clinical Decision-Making 
 
Start of Block: Hearing Conservation & Early Identification 
 
Q4.1 Is there a need for a more sensitive test for noise-induced damage in clinially-
normal hearing individuals? 
o Yes, as a proactive tool to identify those at risk for noise-induced hearing loss 
(NIHL)  
o Yes, as a reactive tool to validate patient complaints and justify intervention  
o Yes, for both reasons listed above  






Q4.2 Which professionals do you believe are responsible for early identification of 
individuals at risk for NIHL?   
Select all that apply. 
▢ Primary Care Providers/ General Practice Physicians  
▢ ENTs  
▢ Audiologists  
▢ School nurses  
▢ Others ________________________________________________ 
 
 
Carry Forward Selected Choices from "Which professionals do you believe are responsible for early identification of 
individuals at risk for NIHL?  Select all that apply." 
 
 
Q4.3 Please rank these professionals’ scopes of practice in regards to responsibility for 
early identification of individuals at risk for NIHL (most responsible at the top).    
Drag and drop to move position.    
______ Primary Care Providers/ General Practice Physicians 
______ ENTs 
______ Audiologists 







Q4.4 Which professionals do you believe are responsible for public education regarding 
hearing conservation?   
Select all that apply.    
▢ Primary Care Providers/ General Practice Physicians  
▢ ENTs  
▢ Audiologists  
▢ School nurses  
▢ Others ________________________________________________ 
 
 
Carry Forward Selected Choices from "Which professionals do you believe are responsible for public education 
regarding hearing conservation?  Select all that apply.   " 
 
 
Q4.5 Please rank these professionals’ scopes of practice in regards to responsibility for 
public education regarding hearing conservation (most responsible at the top).   
Drag and drop to move position.     
   
______ Primary Care Providers/ General Practice Physicians 
______ ENTs 
______ Audiologists 








End of Block: Hearing Conservation & Early Identification 
 
Start of Block: Factors for Clinical Tests 
 
Q5.1 What factors do you consider important in adding a new test to your toolbox?   
Select all that apply. 
▢ Influence on diagnostics and intervention  
▢ Validating patient reports  
▢ Easy to learn and perform  
▢ Prior knowledge of similar tests  
▢ Availability of equipment/ materials  
▢ Brevity  
▢ Patient comfort (non-invasive)  
▢ Eligibility for reimbursement  




Carry Forward Selected Choices from "What factors do you consider important in adding a new test to your 






Please rank your selected factors (most important at the top).   
Drag and drop to move position. 
______ Influence on diagnostics and intervention 
______ Validating patient reports 
______ Easy to learn and perform 
______ Prior knowledge of similar tests 
______ Availability of equipment/ materials 
______ Brevity 
______ Patient comfort (non-invasive) 
______ Eligibility for reimbursement 
______ Other/ Comments 
 
 




End of Block: Factors for Clinical Tests 
 
Start of Block: OAE-based Test 
 
Q6.1 If an OAE-based test were available that could identify ears that are “tough” 
vs. “tender” (resistant vs. more vulnerable to noise-induced damage) in humans 
with an automatic protocol, would you incorporate it into your practice? 
o Yes  
o Maybe- I have concerns or need more information  
o No  
 
 
Display This Question: 
If If an OAE-based test were available that could identify ears that are “tough” vs. “tender” (resis... = Yes 
Or If an OAE-based test were available that could identify ears that are “tough” vs. “tender” (resis... = Maybe- I 
have concerns or need more information 
 
Q6.2 I would be interested in using this as: 
o A proactive tool to identify those at risk for NIHL  
o A reactive tool to validate patient complaints  
o Both  
 
 
Display This Question: 
If If an OAE-based test were available that could identify ears that are “tough” vs. “tender” (resis... = Maybe- I 
have concerns or need more information 




Q6.3 I would have concerns about incorporating this in my practice for the following 
reason(s): 
▢ Due to lack of individuals who will present for this purpose  
▢ Due to costs of equipment/ materials  
▢ Due to lack of knowledge on the subject  
▢ Due to billing and reimbursement concerns  
▢ It would not change how I manage the patient  




Q6.4 Which professionals do you believe should be responsible for using an automated 
OAE-based test for early identification of individuals at risk for NIHL? 
 Select all that apply.   
▢ Primary Care Providers/ General Practice Physicians  
▢ ENTs  
▢ Audiologists  
▢ School nurses  
▢ Others ________________________________________________ 
 
 
Carry Forward Selected Choices from "Which professionals do you believe should be responsible for using an 





Q6.5 Please rank which professional should be responsible for early identification of 
individuals at risk for NIHL using the test described above (most responsible at the top).   
Drag and drop to move position.     
   
______ Primary Care Providers/ General Practice Physicians 
______ ENTs 
______ Audiologists 





Q6.6 At what age do you think an automated OAE-based screening for susceptibility to 
hearing loss is appropriate?   
You may select multiple options. 
▢ Elementary school  
▢ High school  
▢ 20s - 30s  
▢ 30s - 40s  
▢ 40s - 60s  
▢ I don't know  
 
 




End of Block: OAE-based Test 
 
Start of Block: Blood Test 
 
Q7.1 If a blood test were available that could identify early signs of noise-induced 
damage in humans, would you incorporate this information into your practice? 
o Yes  
o Maybe- I have concerns or need more information  
o No  
 
 
Display This Question: 
If If a blood test were available that could identify early signs of noise-induced damage in humans,... = Yes 
Or If a blood test were available that could identify early signs of noise-induced damage in humans,... = 
Maybe- I have concerns or need more information 
 
Q7.2 I would be interested in using this by: 
o Asking physicians/ENTs to refer patients whose blood shows early signs of NIHL  
o Referring to physicians/ENTs for blood test as another diagnostic tool  
o Both  
 
 
Display This Question: 
If If a blood test were available that could identify early signs of noise-induced damage in humans,... = No 
Or If a blood test were available that could identify early signs of noise-induced damage in humans,... = 




Q7.3 I would have concerns about incorporating this information into my practice for the 
following reason(s): 
▢ Due to lack of individuals who will present for this purpose  
▢ Due to costs of equipment/ materials  
▢ Due to lack of knowledge on the subject  
▢ Due to billing and reimbursement concerns  
▢ It would not change how I manage the patient  




Q7.4 Which professionals do you believe should be responsible for ordering a blood test 
for early identification of individuals at risk for NIHL? 
 Select all that apply. 
▢ Primary Care Providers/ General Practice Physicians, as part of a regular 
battery of blood tests  
▢ Primary Care Providers/ General Practice Physicians, in response to 
patient complaints of hearing difficulties  
▢ ENTs  
▢ Audiologists  
▢ School nurses  





Carry Forward Selected Choices from "Which professionals do you believe should be responsible for ordering a 
blood test for early identification of individuals at risk for NIHL? Select all that apply." 
 
 
Q7.5 Please rank which professional should be responsible for early identification of 
individuals at risk for NIHL using the test described above (most responsible at the top).   
Drag and drop to move position.    
______ Primary Care Providers/ General Practice Physicians, as part of a regular 
battery of blood tests 
______ Primary Care Providers/ General Practice Physicians, in response to patient 
complaints of hearing difficulties 
______ ENTs 
______ Audiologists 





Q7.6 At what age(s) do you think a blood test screening for early signs of noise-induced 
damage is appropriate? 
▢ Elementary school  
▢ High school  
▢ 20s - 30s  
▢ 30s - 40s  
▢ 40s - 60s  
▢ I don't know  
 
 




End of Block: Blood Test 
 
Start of Block: Otoprotective Agents 
 
Q8.1 If oral supplements that were proven to protect from noise trauma were 
commercially available, would you incorporate them into your practice? 
o Yes  
o Maybe- I have concerns or need more information  
o No  
 
 
Display This Question: 
If If oral supplements that were proven to protect from noise trauma were commercially available, wo... = 
Maybe- I have concerns or need more information 
Or If oral supplements that were proven to protect from noise trauma were commercially available, wo... = No 
 
Q8.2 I would have concerns about incorporating this in my practice for the following 
reason(s): 
▢ Due to lack of individuals who will present for this purpose  
▢ Due to lack of knowledge on the subject  
▢ Due to billing and reimbursement concerns  
▢ Due to the limits of our scope of practice  







Q8.3 Which professionals do you believe should be responsible for recommending 
otoprotective supplements?   
Select all that apply.    
▢ Primary Care Providers/ General Practice Physicians  
▢ ENTs  
▢ Audiologists  




Q8.4 Do you currently recommend any supplements for hearing-related complaints, 
such as tinnitus? 
o Yes  




Q8.5 Do you currently believe that recommending supplements to patients is within an 
Audiologist's scope of practice? 
o Yes  
o Maybe  
o No  
 
 
Display This Question: 
If Do you currently believe that recommending supplements to patients is within an Audiologist's sco... = 
Maybe 
 
Q8.6 If "maybe," under what circumstances would you feel it's appropriate to 





Q8.7 Do you currently believe that prescribing supplements to patients is within an 
Audiologist's scope of practice? 
o Yes  
o Maybe  
o No  
 
 
Display This Question: 
If Do you currently believe that prescribing supplements to patients is within an Audiologist's scop... = Maybe 
Or Do you currently believe that prescribing supplements to patients is within an Audiologist's scop... = No 
 
Q8.8 Do you believe that prescribing supplements should be within an Audiologist's 
scope of practice in the future? 
o Yes  
o Maybe  




You have reached the end of the survey. As a thank you for participating in this survey, 
we would like to offer you a chance to enter a draw to win one of three $50 Amazon gift-
cards. Any contact information we need to collect from you to participate in the draw will 
be stored separately from your answers to the survey questions, and will be deleted 
once the draw is complete. 
o Yes, I would like to participate in the draw.  
o No, I would not like to participate in the draw.  
 
 
Display This Question: 
If You have reached the end of the survey. As a thank you for participating in this survey, we would... = Yes, I 
would like to participate in the draw. 
Q8.10 Please click here to enter your contact information. 
 
